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The Marshland Upwelling System (MUS) is an alternative onsite wastewater treatment 
technology designed to utilize the natural ecology of saltwater marshes to remove human-borne 
contaminants. Previous research has assessed the ability of MUS to remove both total and 
orthophosphate. Studies have also indicated a clear zone of phosphorus (P) saturation occurring 
in MUS soils. Laboratory column study was performed to accomplish the objectives of this study 
which were to: 1) determine the fate and fractionation of phosphorus in the soil matrix, 2) 
understand sorption kinetics and determine phosphorus sorption potential of wetland soils in 
retaining phosphorus in the MUS, 3) determine the service life of the MUS for phosphorus 
retention.  
Column study was performed under saltwater and freshwater conditions, wherein 
artificial wastewater was injected in the columns at a flow rate of 0.7 mL/min, every alternate 
day. At the end of the study, soil in all columns receiving different salinity treatments was 
analysed for different phosphorus fractions. Inorganic-P was found to be dominating in sub-
surface layers. Organic-P fractions were found in considerable amount in surface layers, which 
were potentially released by the soil microbial activity. Inorganic-P fractions were likely 
precipitated by high concentrations of Fe, Al, Ca and, Mg cations present in the soil, under low 
redox and near neutral to alkaline pH conditions. According to the P-sorption studies conducted, 
Langmuir one-site isotherm proved best to predict phosphorus sorption mechanism for the MUS 
soils. It showed a minimum of 361 mg P/kg soil and maximum of 646 mg-P/kg-soil of maximum 
adsorption capacity at different ionic strengths under anaerobic conditions. Significant 
differences (p<0.0001) were found between soil and salinity (ionic strength) interactions for the 
sorption phenomena for aerobic and anaerobic conditions. Longevity parameter (LT) was 
developed to predict the service life of MUS based on the saturation of phosphorus observed. 
ix 
 
Service life of minimum and maximum of 15 and 26.9 years, respectively were predicted by the 
LT under anaerobic conditions for a representative filter volume of 125 m
2 at a constant depth of 
4m and hydraulic loading rate of 2016 L/d at an influent phosphorus concentration of 15 mg/L. 
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Chapter 1: Global Introduction 
1.1 Introduction 
Coastal wetlands consist of salt marshes that are located at the mouths of rivers on coasts; 
coastal fresh marshes just inland of salt marshes; forested floodplains near the mouths of rivers; 
tideflats; mangrove swamps; sea grass meadows and; river deltas. These coastal wetlands are of 
great significance as they are major sources of economic, ecologic, and aesthetic value. Coastal 
America, despite accounting for only 11% of the lower 48-state landmass, has historically 
experienced nation’s largest growth rates. By the year 2005, coastal population has reached 166 
million (NOAA, 2002). The disproportionately high coastal population for the U.S. can be 
attributed to favorable demographics and abundant lucrative resources. Currently, coastal waters 
are one of the largest contributors at 58% of GDP, 54% of the employment and housing 53% of 
the total population (NOAA, 2008). People’s desire to live and vacation along the coast has 
resulted in construction of thousands of camps and year-round residences. While such 
development has contributed to economic growth, it has also damaged the sensitive ecosystems.  
Nutrient over enrichment is directly responsible for over half of these impairments. 
National Water Quality Inventory in its report to Congress in 1996 had mentioned that nutrients 
have been found to be one of the top five leading causes of impairment to the coastal waters 
(USAEPA, 2004). The prime factors responsible for the natural eutrophication, by which aquatic 
systems age and become productive, are nitrogen and phosphorus. Nitrogen and phosphorus in 
the right proportions result in natural, productive eutrophication. If the concentration of nitrogen 
and phosphorus is not in proportionate amount, then it becomes a concern which is referred to as 
hypereutrophication or undereutrophication. Nitrogen and phosphorus act as common fertilizers 
in an aquatic ecosystem, and when saturated over the assimilative capacity of these two 
components, it results in overgrowth of plants and aquatic phytoplankton. The nutrients delivered 
to estuarine and coastal systems support biological productivity. Excessive levels of nutrients, 
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however, can cause intense biological productivity that depletes oxygen. The remains of algal 
blooms and zooplankton fecal pellets sink to the lower water column and the seabed. The rate of 
depletion of oxygen during processes that decompose the fluxed organic matter exceeds the rate 
of production and resupply from the surface waters (NOAA 1998a). The detrimental effects of 
an algal bloom can range from cell and tissue damage to organism mortality, and can be caused 
by a number of mechanisms, including toxin production, predation, particle irritation, induced 
starvation, and localized anoxic conditions. As a result, a bloom may affect many living 
organisms of the coastal ecosystem, from zooplankton to fish larvae to people (NOAA 1999a).  
In 1998, EPA was tasked with publishing the Clean Water Action Plan, a presidential initiative, 
due to the link between the nutrient enriched waters and serious human health threats. The 
finding reported that, approximately 40% of United States coastal waters were not suitable for 
swimming or fishing due to contamination by excess nutrients and bacteria (NOAA 1999b). This 
is a significant problem considering the population growth in the coastal regions. In parts, this 
problem is driven by poor or incomplete wastewater treatment and there is a requirement for 
some pragmatic alternative to the traditional onsite wastewater system to halt this source of 
nutrients and bacteria to the coastal waters. In all, on a national scale, the impact of nutrient 
pollution has impacted the environmental and economic well being of the United States. A large 
input of nutrients is done to the wetland and the marshlands in the coastal Louisiana by the 
means of freshwater diversion as a step towards protecting the wetlands and preparing a shield 
against the storm water.  
Approximately 75% of all commercially important fish within the United States reside in 
estuaries (Coastal America, 1998). A total of 12,828 km2 are classified as fish and wildlife 
propagation with 11,054 km2 being classified for oyster propagation (LDEQ, 2004). The coastal 
region enjoys a wide span of 19,829 km2 of fresh and tidal wetlands, and estuaries (LDEQ, 
2004). However in the 2004, Clean Water Act 305(b), report an assessment of 52 estuaries 
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revealed that 35% of the total estuaries were not well suited and sufficiently healthy systems for 
fish and wildlife propagation (LDEQ, 2004). This report further noted nitrogen and phosphorus 
are responsible for the impairment of 769 km2 of estuaries (LDEQ, 2004). In 2004, fifty percent 
of Louisiana’s economy was dependant on its coastal parishes (NOEP, 2004). Oyster 
propagation experienced a 46% harvest reduction in Louisiana estuaries (NOAA, 1997). The 
irony of coastal Louisiana is that the same communities that depend on the waterways for their 
livelihoods are slowly contributing to their destruction. Nutrient pollution has impacted the 
valuable fisheries resource in the southern portion of Louisiana. These impacts may be attributed 
to coastal camps in this region of Louisiana, which often have faulty or inadequate onsite 
wastewater systems. With the gulf-coast population expected to rise by one-third over next 
decade, new concerns of irreversible ecosystem damage are being raised. There are thousands of 
recreational camps in coastal Louisiana which are located in isolated and rural areas proximal to 
rivers, wetlands, and coastal ocean. In the rural/low density areas, coastal residents are often 
uneducated about proper waste disposal and treatment practices, making it relatively common to 
find entire communities without adequate wastewater treatment. Onsite wastewater treatment 
systems have evolved from the pit privies used widely throughout history to installations capable 
of producing a disinfected effluent that is fit for human consumption. Although achieving such a 
level of effluent quality is seldom necessary, the ability of onsite systems to remove settleable 
solids, floatable grease and scum, nutrients, and pathogens from wastewater discharges defines 
their importance in protecting human health and environmental resources. In the modern era, the 
typical onsite system has consisted primarily of a septic tank and final discharge there on. 
According to the U.S. Census Bureau (1999), approximately 23 percent of the estimated 115 
million occupied homes in the United States are served by onsite systems. A number of systems 
relying on outdated and underperforming technologies (e.g., cesspools, drywells) still exist, and 
many of them are listed among failed systems. Moreover, about half of the occupied homes with 
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onsite treatment systems are more than 30 years old (U.S. Census Bureau, 2007), and a 
significant number report system problems. Studies reviewed by USEPA cite failure rates 
ranging from 10 to 20 percent (USEPA, 2000). Louisiana was reported to have fifty percent of 
onsite treatment system failure by Nelson et.al, 1999. System failure surveys typically do not 
include systems that might be contaminating surface or ground water, a situation that often is 
detectable only through site-level monitoring. Typical causes of failure include unpumped and 
sludge-filled tanks, which result in clogged absorption fields, and hydraulic overloading caused 
by increased occupancy and greater water use following the installation of new water lines to 
replace wells and cisterns. The coastal camps in Louisiana lack sewer systems and are believed 
to have soil conditions that are not optimum for treatment of household wastes by means of 
septic tanks or other conventional gravity systems. The concept behind the septic tanks relies on 
the ability of the soil to absorb the applied wastewater. However, this is not practical in the 
coastal regions due to high water tables and flooding. The limitation created by the saturated 
soils, sporadic dwelling use and high treatment system maintenance has inhibited septic and 
mechanical plants from functioning properly (Ache and Wenger, 1999). The challenge is 
significant. Shortcomings in many management programs have resulted in poor system 
performance, public health threats, degradation of surface and ground waters, property value 
declines, and negative public perceptions of onsite treatment as an effective wastewater 
management option. Traditionally, at many camp locations in Louisiana, owners have simply 
discharged untreated household wastes into a nearby canal, bayou or marsh surface without 
treatment. 
As an approach towards the solution to this issue, environmental engineers from 
Louisiana State University developed an alternative onsite wastewater treatment system for 
coastal regions termed as Marshland Upwelling System (MUS; Figure 1.1). The system was 
designed to operate in fully saturated, anaerobic subsurface environments. The MUS system was 
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initially developed for use in coastal locations underlain by shallow sand deposits and brackish 
groundwater, where wastewater could be pumped into the ground and treated through contact 
with saltwater as it percolates upward through the water table. The MUS makes use of natural 
physical, biological, and chemical removal processes that wetlands provide for the removal of 
organic matter, fecal pathogens, and nutrients from the injected wastewater. Soil within the MUS  
 
Figure 1.1: Cross-sectional view of the Marshland Upwelling System indicating the expected 
direction of wastewater from flow upon injection into the subsurface. 
 
acts as filter media supporting these physical, chemical and biological processes, which refine 
and reduce the nutrients from the injected wastewater. The MUS uses a combination of existing 
sand/soil matrix and saline groundwater of native marshes to create an upflow filter capable of 
removing organic matter, fecal pathogens, and nutrients. The density difference between the 
fresh wastewater and saline groundwater forces the wastewater plume upwards through the 
sand/soil matrix (Stremlau, 1994; Watson Jr. and Rusch, 2002; Richardson and Rusch, 2004). 
This process induces lateral and longitudinal dispersion, thus increasing the trajectory distances that 
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prolong the exposure of the wastewater to a number of physical, biological and chemical processes which 
work in combination to treat the wastewater. Besides reducing the concentration of bacterial pathogens 
and oxygen consuming organic matter (Richardson and Rusch, 2005; Watson Jr. and Rusch 
2002; Addo, 2004), this technology may facilitate an overall mass reduction in nitrogen and 
retention of phosphorus, thus, reducing the load/burden on surface waters. Additionally, 
placement of nutrients in pore waters of the subsurface environment may enhance the vegetation 
by making the nutrients readily available to the root zone. Hence, these coastal camps are the 
ideal locations for MUS as these regions often have saturated saline soils and are often the 
locations of septic system failure or by-pass. The saline nature of groundwater in coastal regions 
makes it unusable as a potable water source. Furthermore, the saturated soil matrix found in 
these regions favors the hydraulic performance of the MUS, which is often not the case with 
traditional onsite domestic wastewater systems. 
1.2 Previous Work 
Implementation of the MUS was originally undertaken at the Louisiana Universities 
Marine Consortium (LUMCON) laboratory in Port Fourchon, Louisiana in the mid 1990s.  Two 
separate studies on the efficiency of removing fecal coliforms and Escherichia coli (E. coli) were 
performed on the LUMCON system. Initially, the MUS served as a polishing unit for the 
LUMCON laboratory by treating wastewater taken from the secondary clarifier of the extended 
aeration system (Stremlau, 1994). A follow- up study at the LUMCON laboratory directed 
wastewater directly from the holding tank (Watson Jr. and Rusch, 2002; 2001; Watson Jr., 2000). 
Research on fecal pathogen removal using the MUS continued at a research site in Moss Point, 
Mississippi (Richardson and Rusch, 2005). However, the Moss Point site was unique in that it 
expanded the research by building a database for nutrients and CBOD5. Nutrient parameters 
analyzed during operation of the Moss Point site included total phosphorus (TP), orthophosphate 
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(OP-P), total ammonia-nitrogen (TAN), total Kjeldahl nitrogen (TKN), nitrate (NO3-N) and 
nitrite (NO2-N). An extensive review of the efficiency for the removal of nitrogen using the 
MUS at the Moss Point site was presented by Fontenot (2003; 2005). This review included an 
evaluation of CBOD5 and phosphorus removal capabilities but was only extended to include a 
synthetic wastewater study (Fontenot, 2003). Thus far, the Marshland Upwelling Systems have 
proven efficient at removing fecal coliforms and E. coli according to the study conducted by 
Addo, (2004) at Bayou Segnette for the raw wastewater injected in low salinity (<10 ‰) 
groundwater. The study conducted by Turriciano, (2005) evaluated the spatial removal of 
nitrogen in marshland upwelling systems at Bayou Segnette. Evans, (2005), in his thesis found 
that the MUS proved to be efficient at treating phosphorus derived from domestic wastewater. 
According to regression analysis, performance of the MUS did not seem impacted by flow 
regimes but rather the amount of phosphorus injected into the system. Regression analysis 
displayed an apparent zone of saturation within the Bayou Segnette MUS during the final two 
studies. It was recommended that in future assessments of the MUS a saturation coefficient be 
developed, which can be added to the removal equation to indicate this zone of saturation. 
1.3 Research Objectives 
The overall goal of this research was to develop a parameter of correlation which would 
predict as to how long before a system would saturate with phosphorus in the MUS. This goal 
was accomplished by focusing on three primary objectives assessing the ability of the MUS to 
retain phosphorus. The objectives were to: 
1) Determine the fate and fractionation of phosphorus in the soil matrix. 
2) Determine the sorption potential of the wetland soils in retaining phosphorus in the MUS. 
3) Determine the service life of the MUS for phosphorus retention.  
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Liebigs Law of the Minimum states that the nutrient present in the lowest concentration 
required for any given organism will dictate the total yield of that organism. More simply put, 
phosphorus is not the sole nutrient responsible for hyper-eutrophication of an aquatic ecosystem. 
Nitrogen and phosphorus are the main nutrients of concern when discussing the implications of 
nutrients from wastewater harming an ecosystem. Even though assessing the removal of nitrogen 
within MUS is extremely important too, this research will only consider the effects of 
phosphorus removal using MUS. 
1.4 Phosphorus Dynamics 
Phosphorus occupies an important position in biological systems due to its key role in 
biochemical reactions. It is one of the limiting nutrients and its adequate supply to biota is very 
important in regulating primary productivity. However, phosphorus is also a major contributor of 
eutrophication of surface water systems. Phosphorus and nitrogen are both essential nutrients for 
natural eutrophication within a wetland ecosystem. Coastal wetlands, including salt marshes, are 
often nitrogen limited. Algal blooms and fish kills are both effects associated with increased 
nitrogen concentrations. However, phosphorus can encourage growth of bacteria, and thus 
emulate conditions of algal blooms. Studies have shown that coastal water over-enriched with 
phosphorus will create a surplus of bacteria thus depleting oxygen levels with the increased 
consumption of carbon (Sundareshwar, 2003). Diversion of polluted runoff through treatment 
wetlands allows macrophytes and other organisms to immobilize phosphorus in their tissue, 
which is then incorporated into the underlying soil as vegetation decays. This process is termed 
as “phosphorus sequestration” which is defined as the removal of phosphorus from the water 
column through physical, chemical, and biological processes, and its retention in stable forms in 
the soil. Still, overloading of phosphorus beyond the assimilative capacity can lead from 
eutrophic to hypereutrophic conditions, which are detrimental to an ecosystem. A common 
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pollution rich source of phosphorus in wetlands is domestic wastewater with average values 
between 4 and 12 mg/L of total phosphorus (Metcalf & Eddy, 2003). Knowledge of phosphorus 
dynamics is important to understand before implementing effective nutrient management. 
Phosphorus entering wetlands can be either organic or inorganic in form. Phosphorus is a 
component of nucleic acids and nucleoside triphosphates, the basis of enzyme synthesis and 
energy transfer systems at the cellular level. Forms of phosphorus are classified as 
orthophosphate, polyphosphate or organic phosphate, all of which may be found in the dissolved 
or particulate state. The dissolved form of orthophosphate is potentially the most readily mobile 
within an aquatic ecosystem. This mobility and bioavailability of orthophosphate allows 
phosphorus to be the most utilized form of phosphorus within a wetland. For this reason, 
orthophosphate removal efficiency will be critical for achieving MUS success However, since it 
cycles relatively rapidly, most standards are based on the total phosphorus (TP).  
Even though the processes in which phosphorus enters a wetland are simple, the removal 
processes can become rather complex. Constructed wetlands including natural systems generally 
have a greater potential to remove nitrogen than phosphorus because nitrogen can be converted 
to nitrogen gas and be emitted to the atmosphere as a consequence of coupled nitrification–
denitrification process. The only sustainable removal mechanism for phosphorus in the 
constructed wetland systems is plant uptake (Greenway and Woolley, 1999), accretions of 
wetland soils (Kadlec, 1997), microbial immobilization (Newbold et al., 1983; Reddy et al., 
1999), retention by media (Tanner et al., 1998) and precipitation in the water column (Diazo et 
al., 1994). Synergistic effects, in regard to phosphorus removal and storage, can be caused by 
only a slight change in one parameter (Figure 1.2). Unlike nitrogen, phosphorus does not have a 
permanent removal mechanism from a wetland other than the transport mechanism involving 
diffusion into overlaying water and transport with this water. Therefore, the ability for a wetland 
to store phosphorus is vital. Phosphorus accumulation in plant biomass is a storage mechanism, 
10 
 
however, when compared to a wetland subsurface it is responsible for only a small percentage of 
storage. 
 
Figure 1.2: Summary diagram of the processes that take place within a wetland system (Source: 
DeBusk, 1999) 
 Since phosphorus is retained within the wetland, its ultimate removal from the system is 
achieved by harvesting the plants and removing the saturated root bed media. In surface flow 
(SF) wetlands, only the soil-floodwater interface is oxidized, and the majority of the P added 
through wastewater is in contact mainly with surface layer of soils, whereas in sub-surface flow 
(SSF) wetlands, wastewater flows through the root bed media and the P added is in direct contact 
with the media. However, the operational performance of constructed wetlands for P removal 
also depends on the retention capacities of the root bed media. Even then, harvesting of only the 
above-ground portion may be ineffective with much of the phosphorus being stored in the roots 
and rhizomes (Mitsch and Gosselink, 1986; Kadlec and Knight, 1996). Microorganisms 
including algae are efficient at removing phosphorus, however, as with plants the phosphorus is 
released back into the environment after cell death. Hence, the storage capacity of a wetland 
subsurface is the primary storage component in a wetland system. Depending on limnological 
conditions, sediments can function either as sources or sinks for P (Fisher et al., 1982; Koop et  
11 
 
al., 1990; Olila and Reddy, 1995).  
 The fate and transport of P in soils and sediments is determined by the various forms of P 
present. Inorganic P is mostly found in combination with Al, Fe, Ca, and Mg. Phosphorus may 
also be fixed through a variety of chemical reactions, by noncrystalline oxides of Fe and Al, 
which often occur as coatings on soil particles. As there are many difficulties observed in 
determining specific P minerals, many chemical fractionation schemes to characterize the forms 
of P in the soils and sediments have been developed. Common inorganic P pools observed in 
sequential fractionation procedures include labile or loosely bound P, fractions associated with 
Al, Fe, and Mn oxides and hydroxides, the Ca and Mg bound fraction, minerals and organic 
material resistant to the previous extractants. The inorganic fractionation schemes incorporate 
some organic P estimates as well. However, Barbanti et al. (1994) contents that the organic pool 
is much more complex and less well defined than the inorganic pools. The orgranic fraction is 
usually considered cumulatively (Aspila et al., 1976; Golterman and Booman, 1988), or divided 
into operational groups (van Eck, 1982, Ingall et al., 1990; De Groot, 1990; Oluyedum et al., 
1991). The NaOH fraction of Hieltjes and Lijklema (1980) yields TP after Kjeldahl digestion and 
the difference between TP and inorganic P is a measure of the organic P in the fraction (Niar et 
al., 1995; Olila et al., 1995). The residual P fraction is primarily the refractory organic P 
(Ruttenberg, 1992). Criticism of P fractionation procedure is that it is operationally defined and 
is subject to broad interpretations, that the classification of soil P as Ca/Mg-P, Fe-P and Al-P is 
overly simplistic, and that they are not capable of distinguishing among various P reaction 
products in soils and sediments.  
Phosphorus (P) can be mobilized from flooded soil/sediment under continuously flooded 
conditions (Malecki et al., 2004) and under fluctuating water levels (Corstanje and Reddy, 2004; 
Bostic and White, 2007), underscoring the need for management alternatives to study P 
sequestration in wetland soil. The speciation of phosphate ions in solution is pH dependent. 
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Phosphorus is known to occur in several different oxidation states including phosphides (-3), 
diphosphides (-2), elemental phosphorus (0), hypophosphite (+1), phosphine (+3), and phosphate 
(+5). In biogeochemical cycling in wetlands, phosphate is the most common form (Morton and 
Edwards, 2005). The oxidation state of P in all phosphate ions (  
, , ,  ) is +5. Under acidic soil conditions, the dominant phosphate species 
is orthophosphoric acid ), which is a weak acid, colorless and freely soluble in water. 
Under the most natural conditions, dominant phosphate species are   . 
Solubility of phosphorus is also influenced by soil pH and mV (Figure 1.3). In a pH range of 5 – 
8, phosphorus solubility is low at 300 mV, resulting in low phosphorus concentration in soil 
solution (Patrick et al., 1973, Patrick and Khalid, 1974). However, as Eh decreases from 300 
 
Figure 1.3 Influence of Eh and pH on phosphorus solubility in mineral wetland soil (Adapted 
from Patrick et al., 1973) 
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to -250 mV, phosphorus solubility increases at all pH levels, reflecting high concentration in soil 
pore water. Phosphorus solubility is highest under low-pH and low-Eh environments 
Biotic and abiotic interactions between the organic and inorganic pools also play a major 
role in the wetland phosphorus cycle. Abiotic phosphorus retention by wetland soils is regulated 
by various physicochemical properties including pH, redox potential, iron, aluminum, and 
calcium content of soils, organic matter content, phosphorus loading and ambient phosphorus 
content in soils. Various types of minerals can be formed in the wetland soils based on the 
physicochemical conditions. In aerobic soil layers, iron is typically present as Fe-oxides, which 
can readily precipitate any dissolved inorganic phosphorus (DIP) as amorphous ferric phosphate. 
This precipitate is stable under aerobic conditions, however, under anaerobic conditions, ferric 
iron can be reduced to ferrous iron, thus liberating phosphorus, especially under near-neutral and 
acidic conditions (Reddy and DeLaune, 2008). In soils with near-neutral and alkaline conditions, 
ferrous iron can react with the carbonates to form FeCO3. Similarly, calcium present in the soil 
solution can react in two ways: calcium can react with carbonates to form CaCO3 and with 
phosphorus to form various forms of calcium phosphate depending on the equilibrium condition. 
In the anaerobic soil layer, the organic matter decomposition process mediated by microbes can 
result in accumulation of organic acids, which can potentially dissolve some of calcium 
phosphates. Heterotrophic microbial activities are dependent on availability of not only DIP but 
also labile organic carbon, which serves as energy source. Mineralization of organic phosphorus 
and release of DIP are inversely related to C:P ration of the decomposing substrate (Reddy and 
DeLaune, 2008).   
 1.5 Sorption Kinetics 
Even though, there are several removal processes in a wetland subsurface, sorption and 
precipitation are the primary mechanisms responsible for the removal of phosphorus. Sorption is 
the overall effect considering the initial uptake (adsorption) of the substrate by the soil particles 
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and the release of the substrate from the soil surface back to the soil matrix under certain 
conditions (desorption). The adsorption and desorption of P by sediments mainly depend on their 
physical, chemical, and biological properties. In regards to chemical and physical adsorption, 
chemical adsorption is considered a stronger binding mechanism than that of physical adsorption 
(Ryden and Syers, 1977a; b). Physical adsorption takes place on all surfaces provided that 
temperature and pressure conditions are favorable. Chemisorption, however, occurs only 
between certain adsorbents and adsorptive species and only if the surface is absent of previously 
adsorbed molecules. The MUS soils are tested for the physical adsorption only. The retention 
behavior of inorganic P in soil has been ascribed to adsorption/desorption reactions and 
precipitation/dissolution processes (Barrow, 1980). It has been suggested that added inorganic P 
is initially adsorbed either weakly (physisorption, i.e., electrostatic forces) or strongly 
(chemisorption, i.e., covalent bonding) on to variable charged surfaces (Lindsay, 1979). Sorption 
of phosphate is strongly influenced by redox potential. Phosphorus adsorbs to mineral surfaces 
and once all surface sites are filled, P begins to diffuse into the particle via absorption (Sanyal 
and De Datta, 1991; Reddy et al., 1999). Sorption processes are temporally dependent and pH 
controlled and the process rates decrease with time (Barrow, 1984; Bolan et al., 1985). The 
initial rapid uptake phase probably results from ligand exchange. Several models ascribe the 
slow-uptake phase to diffusion of P into the interior of soil particles, the diffusion being driven 
by chemical and electrical potential gradients. Phosphorus sorption capacities of soils are often 
related to the amount of poorly crystalline and amorphous forms of aluminum (Al) and iron (Fe) 
(Ponnamperuma, 1972; Khalid et al., 1977; Van der Zee et al., 1988; Reddy et al., 1995; Reddy 
et al., 1998; Axt and Walbridge, 1999). Primary phosphate-sorbing soil surfaces are those of Al 
and Fe oxides, hydroxides, and oxyhydroxides – which are collectively referred to as oxides – 
(Torrent, 1997), organic complexes of Al and Fe (Borggaard et al., 2004), edges of silicate clays, 
and calcite (Matar et al., 1992). The reduction and dissolution of iron and its reprecipitation to 
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form ferrous minerals (Fe3(PO4)2) is thought to be the dominant process controlling P solubility 
in anaerobic systems. Sorption is typically greater under aerobic soil/sediment conditions than 
anaerobic conditions (Li et al., 1972; Moore and Reddy, 1994; Nürnberg, 1988; Ann, Reddy and 
Delfino, 2000). However, fluctuating aerobic and anaerobic conditions of soils and sediments 
can also cause transformation of crystalline Al and Fe compounds to more amorphous forms 
under anaerobic conditions, which have greater surface areas for P sorption reactions to occur 
(Patrick and Khalid, 1974; Kuo and Mikkelsen, 1979; Sah and Mikkelsen, 1986; Sah and 
Mikkelsen, 1986a).  
Processes involved in long-term P retention include accretion of detrital material, and its 
associated P content (Richardson and Marshall, 1986; Kadlec, 1989; Richardson and Craft, 1993; 
Mitsch and Gosselink, 2000). After the initial adsorption, P can become less labile with time, 
perhaps by diffusive penetration of adsorbed phosphate ions into the internal structure of 
components (Evans and Syers, 1971; Pierzynski, 1991). The sorption capacity of soil for P is 
limited and has been shown to change over time in response to soil development.  The 
effectiveness of each classification is highly dependent on surface area of the adsorbate. 
Although P is ubiquitous in nature, bioavailable P concentrations in pore waters and aquatic 
systems is usually low. In general, sediments retain inorganic P at considerably greater 
concentrations than those observed in sediment porewater, whereas at low water column P 
concentrations, sediments function as a source of P (Froelich, 1988; Afif et. al., 1993; Ravan and 
Hossner, 1993). The dry soil fractionation in terms of sand, silt, and clay is one of the most 
important characterizations to consider for the phosphorus sorption study. Edzwald et al. (1976), 
showed that the combined effect of the type of clay particles and pH of the soil dominate the 
phosphate sorption characteristics. For kaolinite and illite type of clays, the maximum phosphate 
sorption occurs in the pH range 4 to 5, with decreasing amounts of adsorption at lower and 
higher pH. For montmorillonite clay, phosphate adsorption increases with increasing pH. Chen et 
16 
 
al. showed that phosphate clay sorption by single solid phases can be usually modeled as a two-
step process. The first step involves rapid adsorption on the surfaces of solid phases, which 
occurs immediately after solids come in contact with the P in solution within 24 h. The slow 
diffusion into the solid phase forms the second step of sorption (Froenlich, 1988). The slow 
second step is significant under acid pH conditions, where this stage involves dissolution of 
aluminum from clay lattice resulting in formation of AlPO4 crystals. On the other hand, for pH 
greater than 7, adsorption reaction is essentially complete in 24 h. Due to the variety of complex 
mechanisms involved in the P adsorption and absorption, usually the two-step model is not used 
in the literature (Reddy et al., 1999). For the practical applications, the combined effect of P 
adsorption on surfaces and absorption by solid phases suffice.  This combined effect is usually 
referred to as P sorption by the solid phase (McGechan and Lewis, 2002). Phosphorus sorption 
not only depends on the sediment physio-chemical properties, but also on the diffusion rate of P 
from overlaying water into the sediment (Malecki et al, 2004). These exchange processes at the 
sediment water interface can potentially dictate the efficiency of P retention.  
The ionic strength of the pore-water can also impact the adsorption mechanism. This is 
now important with the increasing number of treatment wetlands being installed within saltwater 
systems, such as the Marshland Upwelling System. Theoretically, subsurface soil within the 
MUS acts as filter media supporting these processes as the injected freshwater travels within the 
system. Phosphorus retention within the MUS will be highly dependent on adsorption in which 
the effect of ionic strength needs to be understood. Overall, several chemical, physical and 
biogeochemical characteristics can regulate the phosphate adsorption capacity of substrates from 
within the subsurface. 
Phosphorus adsorption isotherms are useful to quantify P sorption processes by soils and 
sediments. The Langmuir, Freundlich and Temkin models have been used to estimate P sorption 
(Barrow, 1978; Sanyal and De Datta, 1991; Rhue and Harris, 1999; Graetz and Nair, 2000), the 
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most common of which are the Langmuir and Freundlich models (Reddy et al., 1999; Rhue and 
Harris, 1999). The Langmuir model has advantages in comparison to the Freundlich and Temkin, 
as it provides more information on P sorption parameters (Graetz and Nair, 2000). The 
Freundlich sorption isotherm is the most general of the nonlinear isotherms. The Freundlich 
isotherm is similar to the linear isotherm in that the mass of solute sorbed does not approach an 
upper limit. Thus, this equation should not be extrapolated beyond the experimental range 
(Fetter, 1999). The Langmuir one-site isotherm assumes that adsorption occurs at specific sites 
and that once these sites are occupied, no further adsorption occurs. Owing to the presence of 
large concentration of metals present in the soil, there is a possibility that soils might have more 
than one energy level binding sites on which adsorption can occur. Langmuir one-site isotherm is 
not able to mimic this phenomenon. Thus, Langmuir two-site sorption isotherm can be used to 
address this issue to determine the sorption occurring at two different energy level binding sites. 
A few studies have also used Temkin isotherm to mimic the sorption behavior of phosphorus on 
soils (Masud et al., 2006; Mead, 1981). The Temkin adsorption isotherm is similar to Freundlich 













Chapter 2: Phosphorus Fractionation for the MUS Soils Used in the Column Study 
2.1 Introduction 
 Phosphorus can be an important nutrient in regulating primary productivity in lakes and 
wetlands and is a major contributor to eutrophication in aquatic systems. The prime nutrients 
responsible for eutrophication are nitrogen and phosphorus. Nitrogen and phosphorus, in the 
right proportions, result in a productive ecosystem eutrophication. If the concentrations of 
nitrogen and phosphorus are more than the required amount, then hypereutrophication occurs. 
The National Water Quality Inventory, in its report to Congress in 1996, declared that nutrients 
have been found to be the leading cause of impairment to the coastal waters (USAEPA, 1998a). 
Nutrients act as a common fertilizer in an aquatic ecosystem, and when saturated above the 
assimilative capacity of these two nutrients, the result is overgrowth of plants and aquatic 
phytoplankton. While the nutrients delivered to estuarine and coastal systems support biological 
productivity, excessive levels of nutrients, can cause intense biological productivity that leads to 
oxygen demand. The depletion of oxygen occurs as decomposition of the fluxed organic matter 
exceeds the rate of production and resupply of O2 from the surface waters (NOAA 1998a).  
Coastal wetlands consist of salt marshes that are located at the mouths of rivers on coasts; 
coastal fresh marshes just inland of salt marshes; forested floodplains near the mouths of rivers; 
tideflats; mangrove swamps; and river deltas. These coastal wetlands are of great significance as 
they are major sources of economic, ecologic, and aesthetic value. Currently, coastal waters are 
one of the largest contributors at 58% of GDP, 54% of the employment and housing 53% of the 
total population (NOAA, 2008). People’s desire to live and vacation along the coast has resulted 
in construction of thousands of camps and year-round residences. In 2004, fifty percent of 
Louisiana’s economy was dependant on its coastal parishes (NOEP, 2004).While such 
development has contributed to economic growth, it has also damaged the sensitive ecosystems. 
Nutrient over enrichment is directly responsible for over half of these impairments. Oyster 
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propagation experienced a 46% harvest reduction in Louisiana estuaries (NOAA, 1997). This is a 
significant problem considering the population growth in the coastal regions. In parts, this 
problem is driven by poor or incomplete wastewater treatment and there is a requirement for 
some pragmatic alternative to the traditional onsite wastewater system to halt this source of 
nutrients and bacteria to the coastal waters.  
The irony of coastal Louisiana is that the same communities that depend on the 
waterways for their livelihoods are slowly contributing to their destruction. These impacts may 
be attributed to coastal camps in this region of Louisiana, which often have faulty or inadequate 
onsite wastewater systems. There are thousands of recreational camps in coastal Louisiana which 
are located in isolated and rural areas proximal to rivers, wetlands, and coastal ocean. In the 
rural/low density areas, coastal residents are often uneducated about proper waste disposal and 
treatment practices, making it relatively common to find entire communities without adequate 
wastewater treatment. These camps lack sewer systems and are believed to have soil conditions 
that are not optimum for treatment of household wastes by means of septic tanks or other 
conventional gravity systems. At many camp locations, owners have simply discharged untreated 
household wastes into a nearby canal, bayou or marsh surface without any treatment. 
As an attempt to solve this problem, environmental engineers from Louisiana State 
University developed an alternative onsite wastewater treatment system for coastal regions 
termed as the Marshland Upwelling System (MUS). The system is designed to operate in fully 
saturated, anaerobic subsurface environments. The MUS makes use of natural physical, 
biological, and chemical removal processes that wetlands provide for the removal of organic 
matter, fecal pathogens, and nutrients from the injected wastewater. The MUS uses a 
combination of existing sand/soil matrix and saline groundwater of native marshes to create an 
upflow filter capable of removing organic matter, fecal pathogens, and nutrients. The upflow 
filter is generated when wastewater is pumped down an injection well, introducing a freshwater 
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plume into the non-potable saline groundwater. The density difference between the fresh 
wastewater and saline groundwater forces the wastewater plume upwards through the sand/soil 
matrix (Stremlau, 1994; Watson Jr. and Rusch, 2002; Richardson et. al, 2004). This phenomenon 
induces lateral and longitudinal dispersion, thus increasing the trajectory distances, prolonging 
the exposure of the wastewater to the physical, biological and chemical processes which work in 
concert to treat the wastewater. Soil within the MUS acts as filter media supporting these 
physical, chemical and biological processes which reduce the concentration of nutrients from the 
injected wastewater. Besides reducing the concentration of bacterial pathogens and oxygen 
consuming organic matter (Richardson and Rusch, 2005; Watson Jr. and Rusch 2002; Addo, 
2004), this technology may facilitate an overall mass reduction in nitrogen and retention of 
phosphorus, thus reducing the load on surface waters. Additionally, nutrients in pore waters of 
the subsurface environment may enhance the vegetative production as the nutrients readily 
available to the root zone. Hence, these coastal camps are the ideal locations for MUS as these 
regions often have saturated saline soils and are often the locations of septic system failure or by-
pass.  
Phosphorus (P) can be mobilized from flooded soil/sediment under continuously flooded 
conditions (Malecki et al., 2004) and under fluctuating water levels (Corstanje and Reddy, 2004; 
Bostic and White, 2007), underscoring the need for management alternatives to study P 
sequestration in wetland soil. Phosphorus is known to occur in several different oxidation states 
including phosphides (-3), diphosphides (-2), elemental phosphorus (0), hypophosphite (+1), 
phosphine (+3), and phosphate (+5). In biogeochemical cycling in wetlands, phosphate is the 
most common form (Morton and Edwards, 2005). The oxidation state of P in all phosphate ions 
(  , , ,  ) is +5. Under acidic soil conditions, dominant phosphate 
species is orthophosphoric acid ), which is a weak acid, colorless and freely soluble in 
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water. Under the most natural conditions, dominant phosphate species are   . 
Solubility of phosphorus is also influenced by soil pH and mV (figure 2.1). In a pH range of 5 – 
8, phosphorus solubility is low at 300 mV, resulting in low phosphorus concentration in soil 
solution (Patrick et al., 1973, Patrick and Khalid, 1974). However, as Eh decreases from 300 to -
250 mV, phosphorus solubility increases at all pH levels, reflecting high concentration in soil 
pore water. Phosphorus solubility is highest under low-pH and low-Eh environments.  
Biotic and abiotic interactions between the organic and inorganic pools also play a major 
role in the wetland phosphorus cycle. The characterization of soil phosphorus is useful to 
determine the organic and inorganic pools of phosphorus present in the soil. Identifying the 
dominant P fractions present is critical for understanding phosphorus cycling and retention 
capacity of the wetland soil in the MUS. This develops an insight about the fate of wastewater P 
once it is injected into a MUS system. This knowledge will in turn can be utilized to design and 
determine the operational guidelines for the MUS. Abiotic phosphorus retention by wetland soils 
is regulated by various physicochemical properties including pH, redox potential, iron, 
aluminum, and calcium content of soils, organic matter content, phosphorus loading and ambient 
phosphorus content in soils. Various types of minerals can be formed in the wetland soils based 
on the physicochemical conditions. In aerobic soil layers, iron is typically present as Fe-oxides, 
which can readily precipitate any dissolved inorganic phosphorus (DIP) as amorphous ferric 
phosphate. This precipitate is stable under aerobic conditions, however, under anaerobic 
conditions, ferric iron can be reduced to ferrous iron, thus liberating phosphorus, especially 
under near-neutral and acidic conditions (Reddy and DeLaune, 2008). In soils with near-neutral 
and alkaline conditions, ferrous iron can react with the carbonates to form FeCO3. Similarly, 
calcium present in the soil solution can react in two ways: calcium can react with carbonates to 
form CaCO3 and with phosphorus to form various forms of calcium phosphate depending on the 
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equilibrium condition. In the anaerobic soil layer, the organic matter decomposition process 
mediated by microbes can result in accumulation of organic acids, which can potentially dissolve 
some of calcium phosphates. Heterotrophic microbial activities are dependent on availability of 
not only DIP but also labile organic carbon, which serves as energy source. Mineralization of 
organic phosphorus and release of DIP are inversely related to C:P ration of the decomposing 
substrate (Reddy and DeLaune, 2008).   
The goal of this study was to determine the phosphorus (P) retention capacity of the soil 
and the P sequestration based on the different salinity treatments, so that the fate of phosphorus 
can be understood as relative to the physicochemical soil properties. This would help determine 
and design the operational characteristics of the MUS based on the extent of organic and 
inorganic phosphorus involved. 
2.2 Methods and Materials 
2.2.1 Experimental Design 
The phosphorus retention capability of the marshland upwelling system under low and 
high background salinity conditions was studied in the laboratory using a set of 15 cm diameter 
columns. Treatment was evaluated under two salinities, 2 and 20‰, with two nitrogen 
combinations, 100 mg NH4
+-N /L and 80 mg NH4
+-N /L + 20 mg NO3
- -N /L (abbreviated as A 
and N, respectively) in 2 sets. Each set of columns also had a fresh and saltwater column which 
depicts the baseline for treatment comparison. Each set had a replicate of salt and freshwater 
treatments (A and N) in addition to the salt and freshwater controls. This treatment combination 
was replicated to make another set comprising of a total of 20 set-column study.  For a total of 20 
columns all wastewater treated columns received 15 mg/L PO4
-3-P. Standard artificial 
wastewater was made up (ASTM, 2006) with the following amendments: salt, nitrogen, and 
phosphorus levels were increased to the desired concentrations, kaolin was not added, a 
supplement containing trace nutrients was added, and the amount of beer was decreased from 6%  
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to 1%.   
Table 2.1:  Concentrations of Salts Used in Saltwater Mixture for the MUS Column Study. 











MgCl2•6H2O -----------0.62------------ -----------6.25---------- 
CaCl2•2H2O -----------0.09------------ -----------0.85---------- 
KCl -----------0.04------------ -----------0.29---------- 
NaCl 0.62 0.20 16.0 15.8 
The amount of beer was decreased because initial tests found the dissolved organic 
carbon (DOC) level to be too high.  The salt used was made up using individual components 
(Table 2.1) as opposed to a pre-made ocean salt mix because initial tests found the sulfide levels 
to be extremely high  in some columns (22 mM S-2 in one column), to the point that it was toxic 
to the plants. Koch and Mendelssohn (1989) found that just 1 mM S2- significantly decreased the 
growth of two marsh plants(Spartina alterniflora and Spartina patens).  Field studies have 
shown very little sulfide exists within the MUS wastewater plume, so the decision to reduce 
sulfur levels to 0.1 (20‰) and 0.01 mM S2- (2‰) was made.   
Columns were constructed from 15 cm diameter PVC pipe.  Four columns were made 
from clear PVC pipe to allow for viewing of soil, but were covered with aluminum foil to 
prevent light from entering the subsurface.  Each column had a distribution plate placed in a cap 
that allowed for incoming wastewater to flow into the bottom of the column evenly.  Sampling 
ports were installed at 8, 34, 58, and 84 centimeters below the surface of the soil.  Septa, to allow 
for the reading of redox were installed at the same depths on the opposite side of the columns. 
Small pieces of platinum wire (2.5 cm) were inserted above the distribution plates into septa to 
allow redox potential readings to take place within the subsurface.  The bottoms of the columns 
were filled with 7.5 cm of gravel and 7.5 cm of sand.  Soil collected from a salt marsh in Port 
24 
 
Fourchon, LA was then homogenized, sterilized and placed at the bottom layers in each columns.  
Soil containing a higher amount of organic matter was collected from a salt marsh in Port 
Fourchon, LA and an intermediate marsh near Westwego, LA and placed in the top layer of 15 
cm to bring the total soil height to 84 cm.  Salt and fresh water was flushed through the columns 
to bring them to the appropriate salinity for their respective treatments.  The columns were then 
inoculated with microorganisms from the appropriate marsh salinity.  Microorganisms were 
extracted from the soil following the procedure by Riis, et al., (1998) only to step one.  After 
centrifugation, the microorganisms were resuspended in the 0.2% Na2P2O7 solution and injected 
into the bottom four sampling ports.  Columns receiving the planted treatment were planted with 
Paspalum vaginatum and Spartina alterniflora according to their native salinities, 2 and 20‰, 
respectively.  An inert plastic mesh was placed at the interface between the main soil and higher 
organic matter soil at 15 cm to prevent roots from growing below that depth.   
Two liters of wastewater were pumped into the bottom of each soil column every other 
day, resulting in approximate flowrate of 0.7 mL/min, which was equal to a complete turnover of 
the column every eight days.  Wastewater was sub-sampled and characterized at every addition 
(every two days) and porewater samples were collected from each sampling part on days 0, 5, 
14, and every 14 days thereafter for a total of 70 days.  Salinity, pH, and temperature of samples 
were measured at time of collection.  Redox potential was also measured on the collection day 
using a SCE reference electrode along with the platinum wire inserted into through the septa. 
Surface redox potential was measured using a platinum electrode inserted into the soil to a depth 
of 5 cm.  All redox measurements (Ec) were corrected to a standard hydrogen reference electrode 
and expressed as Eh (mV).  Samples were filtered (0.45 m) and measured for soluble reactive 
phosphorus (SRP), total phosphorus (TP), and dissolved organic carbon (DOC). Samples were 
stored at 4C and preserved to pH < 2 for all analyses.  
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2.2.2 Sampling and Laboratory Analyses 
2.2.2.1 Soil Characteristics 
 The pre-study of the soil collected from the MUS included the measurement of the soil 
characteristics in terms of (%) silt, sand and clay. Total cations in the soil samples were also 
measured using inductively coupled plasma atomic emission spectroscopy (ICPAES), to estimate 
the probable mineral formations occurring in the soil matrix due to the soil and wastewater 
interaction. The soil was then used for the post-study which was initiated by the column study 
setup. The wastewater was pumped to the columns in batches every 2 days. After the experiment 
was complete (10 weeks), the columns were taken apart and were cut into 7 segments of 14 cm 
each with an exception of the bottom most segment of sand which was 5 cm. The columns were 
cut by mechanical saw, and the soil from each section was collected in respective labeled plastic 
bags. A total of 7 sections corresponding to depths for each column and ten different of columns 
based on treatment (salinity and nitrogen treatment) per each set resulted in a total of 140 
discrete soil samples after taking into account the replicate set. This soil was then homogenized 
and stored in labeled containers. The soil metals analysis was run before the column study was 
started as a pre-study to estimate the soil behavior in relation to the mineral interactions. As a 
part of post-study, to understand the dynamics of phosphorus in the wetland soil, the following 
physicochemical characterization was done on all the soil samples; moisture content, bulk 
density, soil pH, total P, loss on ignition, microbial biomass carbon, inorganic P fractionation 
and potentially mineralizable P. These analyses help determine the organic and inorganic 
fractions of the soil, affinity of phosphorus to soil minerals and adsorption, as well as the 
microbial phosphorus retention characteristics.  
2.2.2.2 Moisture Content 
 Aliquots of all 140 soil samples were placed in pre-weighed and labeled aluminum boats. 
The mass of the boat and soil was recorded. The samples were then dried at 70oC until a constant 
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mass resulted. The samples were taken out and cooled in a desiccator and the weight of the dried 
soil was measured and recorded. The moisture content of the soil samples was calculated using 
the following formula: 
                                   Moisture content
w2 w1 w3 w1
w2 w1
                                           2.1  
where, w1 = weight of the empty boat 
 w2 = wet weight of the soil + boat 
 w3 = dry weight of the soil + boat 
2.2.2.3 Soil Total Phosphorus (TP - Ashing) 
 Dried, ground samples were used for the TP Ashing characterization. Approximately 0.3 
g soil was measured into a 50 ml beaker. The weight of the beaker and the total weight including 
the soil were recorded. This analysis was done on all 140 samples, with triplicates every 20 
samples. A blank and a peach (NIST, standard reference material 1547) with known high organic 
content of 1370 mg/L were added at every 20 samples. The beakers were then placed into a 
muffle furnace at 550oC for 4 hours. After 4 hours, the furnace was turned off and the samples 
were allowed to cool in the furnace for several hours, until the temperature dropped below 
200oC. The samples were transferred to a desiccator and allowed to cool to room temperature. 
The weight of the beakers and ash was measured and recorded for Loss on Ignition (LOI) 
calculations: 
              Loss on Ignition % LOI  100
Ash weight g
soil weight g
100                                        2.2  
The ash was carefully moistened with a small amount of deionized (DI) water and 20 ml 
of 6.0 M HCL was added slowly to the beaker. The samples were placed in the fume hood on the 
hot plate at approximately 120oC to boil the water off, until dry. Once dry, the hot plate 
temperature was raised to ‘HIGH’ for 30 minutes to dry it completely. Then, the samples were 
moistened with 2-3 ml DI water and then 2.25 ml of 6.0 M HCl was added. The beakers were 
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placed on the hot plate and brought to the boiling point. The entire sample was transferred into 
50 ml volumetric flask by filtering them through a Whatman # 42 filter paper. The beakers were 
washed 3 times with DI water through the filter paper into the volumetric flask. The volume in 
the flask was brought to 50 ml DI water. Samples were shaken and inverted several times to mix 
completely. Then, sufficient volume was transferred to the 20 ml scintillation vials and all the 
samples were stored at the room temperature until analyzed for P. The P determination was done 
analytically on the AQ2 Discrete Multi-chemistry analyzer (Mequon, WI) with all necessary 
duplicates, spikes and the LCS (samples with known concentration) to follow acceptable quality 
assurance and control. Results from the AQ2 analyzer were only accepted after the development 
of acceptable calibration curve and acceptable recovery of the laboratory control standard. Based 
on the concentration of the phosphorus in the samples, the TP of the soil was calculated by using 
the following formula.    




S  W  
                                                    (2.3) 
2.2.2.4 Soil Microbial Biomass Carbon 
The microbial biomass carbon was measured to estimate the size of the soil microbial 
pool in terms of microbial biomass phosphorus. Replicate, 2 g moist soil samples were placed in 
labeled 50 ml polypropylene centrifuge tubes. One set of samples was used for the fumigated 
procedure and the other set was used for the non-fumigated procedure, which was considered as 
controls. This was done for all 140 samples with triplicates at every 10 samples. For the 
fumigation procedure, 0.5 mL chloroform was added to each centrifuge tube. The tubes were 
then placed in the desiccator. A beaker with 30 mL chloroform and several boiling stones in it 
was also placed with the centrifuge tubes in the desiccator. The headspace was evacuated until 
the chloroform in the beaker began to boil. Room air was allowed into the desiccator. Once at 
equilibrium, a vacuum was created until the chloroform boiled. This procedure was repeated 3 
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times. After the 3rd vacuum cycle, the top valve was closed to maintain the vacuum inside. The 
desiccator was then placed in the fume hood for 24 hr. After the incubation period, the top valve 
was opened to allow the re-entry of air. The beaker with chloroform was removed and let dry in 
the fume hood. Using the vacuum pump, the headspace air was withdrawn to create vacuum and 
the re-entry of air was allowed again. This procedure was repeated 7 times to remove all of the 
remaining chloroform from the samples. During this procedure, the non-fumigated samples 
(controls) were stored in the refrigerator. 
  After fumigation, during the extraction procedure, the control and the fumigated samples 
are treated similarly. To each centrifuge tube, 25 mL of 0.5M K2SO4 was added, and the tubes 
were placed on an end-to-end reciprocating shaker for 30 min at low speed. The samples were 
then centrifuged for 10 min at 5211 g. The supernatant from the centrifuged samples was filtered 
through a vacuum manifold into scintillation vials using 0.45 µm membrane filters. The filtered 
samples were stored at 4oC until analysis for total carbon on a Schimadzu TOC analyzer. 
2.2.2.5 Sequential Extraction P 
The soils were analyzed for various inorganic P fractions following the sequential 
inorganic P fractionation scheme developed for histisols (Reddy et. al 1998). The soils were 
extracted in series with three different extractants for 140 samples with triplicates at every 20 
samples. 
Water extractable P (Water-Pi): P was extracted with 20 mL of DDI water representing the 
readily available pool of P. The soil suspensions were equilibrated for a period of 2 hours by 
continuously shaking on a mechanical end-to-end shaker, followed by centrifugation for 10 min 
at 5211 g. The supernatant solutions were filtered through a 0.45 µm membrane filter by a 
vacuum manifold and the filtrates were refrigerated until analyses for SRP. The soil sample was 
weighed again to account for the residual water solution in the centrifuge tube, and account for 
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the residual water extractable P in the calculations. The residual soil was then used in the 
following sequential extraction scheme. 
NaOH-extractable P (NaOH-Pi and NaOH-Po): The residual soil obtained from the DDI water 
extraction was treated with 0.1M NaOH (20mL volume of the extractant). The soil suspensions 
were equilibrated for a period of 16 hours by continuously shaking on a mechanical end-to-end 
shaker, followed by centrifugation for 10 min at 5211 g. The supernatant solutions were filtered 
through a 0.45 µm membrane filter by a vacuum manifold and the filtrates were refrigerated until 
analyses. The soil sample was weighed again to account for the residual NaOH extractant 
solution in the centrifuge tube and possible NaOH-extractable P concentration present in the 
sample, and account for the correction for the same in calculations. The residual soil was then 
used in the following sequential extraction scheme. The filtered samples were analyzed for SRP 
and TP, and these fractions are referred to as NaOH-Pi and NaOH-TP, respectively. NaOH-Pi 
represents iron/aluminum-bound P. Extraction with 0.1M NaOH also removes the P associated 
with humic and fulvic acids. The samples were digested in order to break the organic bonds and 
release the phosphorus for analysis. This digestion was done in a similar fashion as discussed in 
section 2.2.3. The digests were analysed for P. The difference between NaOH-TP and NaOH-Pi 
is the organic P (NaOH-Po) associated with fulvic and humic acids. 
HCl-extractable P (HCl-Pi): The residual soil obtained from the NaOH extraction was treated 
with 20 mL of 0.5M HCL solution to extract the calcium-bound P. The soil suspensions were 
equilibrated for a period of 24 hours by continuously shaking on a mechanical end-to-end shaker, 
followed by centrifugation for 10 min at 5211 g. The supernatant solutions were filtered through 
a 0.45 µm membrane filter by a vacuum manifold and the filtrates were refrigerated until 
analyses for SRP. The soil sample was weighed to account for the residual HCl solution in the 
centrifuge tube and possible HCl-extractable P concentration present in the sample, and account 
for the correction for the same in calculations. The residual soil was then used in the following 
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sequential extraction scheme. These SRP analysed samples are referred to as HCl-Pi, 
representing calcium-bound P. The P extracted with acid represents the P tied up in apatite 
minerals, essentially as calcium phosphate. P can also be present in transitional forms, such as 
monocalcium, dicalcium, and octacalcium phosphate. Under most soil conditions, apatite P does 
not readily desorb, except under very acidic conditions.  
Residual-P (Refractory Po): The P not extracted in any of the above fractions is termed as 
Residual-P. This fraction was calculated as follows: 
                     Residual P TP Water Pi NaOH TP HCl Pi                          (2.4) 
To quantify the recovery of P by the sequential extraction sheme, the above equation was used to 
cross check the recovery rate of the residual-P fraction. The actual residual soil sample from the 
HCl extract was transferred to a 50 mL glass beaker and the TP-Ashing procedure explained in 
section 2.2.1.2 was performed to determine the TP of the soil fraction. The Residual-P fraction 
was assumed to represent both refractory organic P and any other mineral P fractions not 
extracted with DI water, NaOH or HCl reagents. 
2.2.2.6 Potentially Mineralizable Phosphorus (PMP) 
 The potentially mineralizable phosphorus is used as a measure of heterotrophic microbial 
activity. The assay involves preparing a separate set of controls and incubates. Approximately, 2 
g of moist soil was weighed in the centrifuge tubes and 5 g moist soil was weighed in the glass 
incubation bottles. Triplicates were done at every 20 samples. After weighing, the controls were 
refrigerated and incubates were purged with 10 mL of DI water under the anaerobic conditions to 
mimic the soil conditions. The incubation bottles were shaken to ensure a proper slurry 
formation of water and the soil sample. These samples were incubated at 40oC for 10 days. At 
the same time, 20 mL of NaHCO3 was added to the controls and shaken on the end-to-end 
reciprocating shaker for 16 hours. They were then centrifuged at 5211 g for 10 minutes, and the 
supernatant was filtered and used to measure the initial extractable P. After the 10 days the 
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incubated samples were purged with oxygen free NaHCO3 extractant. The mixture was shaken 
on a mechanical shaker for 16 hours. They were then centrifuged at 5211 g for 10 minutes and 
the supernatant was filtered and used to measure the SRP. The difference between the SRP 
measured from the controls and incubates, would result in the total potentially mineralizable 
phosphorus over 10 days which would account for the rate of microbial activity. 
2.2.3 Statistical Analysis 
 Paired t-tests were used to determine the significant differences (p < 0.05) between the 
salinity treatment effect and the behavior of the soil properties at the different sections/depths 
amongst each treatment columns for different phosphorus characterizations. Additionally, 
Pearson product-moment correlation coefficients between parameters were calculated to 
determine significant relationships. One-way ANOVA and multiple comparisons by Tukey’s W 
method were used to determine significant (p < 0.05) effects amongst the treatment type and 
depths between the different soil parameters and also different fractionations of phosphorus. 
2.3. Results and Discussion 
2.3.1 Soil Physicochemical Characteristics 
Relative percent sand, silt, and clay values were determined using sieve (ASTM C117, 
C136) and hydrometer analyses (ASTM D422) (Table 2.2). The median grain size diameter (d50) 
and uniformity coefficient (d60/d10) were also calculated using methods recommended by the 
ASTM (ASTM, 1995). The clay content of the soil was 4.95% and the silt content was 
determined to be 18.2% (Table 2.2).  
There were no significant differences in bulk density (p<0.0001) between the different 
salinity treatments (Table 2.3). Based on the depth (Figure 2.1), the bottom layers (extending 
from 28 to 84 cm) showed significantly higher bulk density (p<0.0001) compared to 1st and 2nd 




Table 2.2: Physical Characterization for the MUS Soils 
















--- = Dimensionless 
The top layer showed the lowest bulk density taking into consideration the presence of 
the organic matter in that layer. The 2nd layer also had presence of organic matter because of the 
root zone extending to the respective depth. The increased organic matter in the surface layer 
Table 2.3: Mean and Standard Deviation of the Physicochemical Parameters for the MUS Soils  
Salinity Organic Matter pH Bulk Density TP 
Treatments % g/cm3 mg/kg 
SC 3.8 ± 3.2 8.14 ± 0.48 1.21 ± 0.43 368 ± 60.3 
SA 6.5 ± 12.4 7.73 ± 0.40 1.18 ± 0.46 426 ± 127 
SN 6.4 ± 11.2 7.80 ± 0.40 1.15 ± 0.50 466 ± 174 
FC 3.9 ± 4.3 8.20 ± 0.42 1.13 ± 0.55 363 ± 51.3 
FA 4.8 ± 6.8 7.83 ± 0.57 1.12 ± 0.52 507 ± 313 
FN 5.5 ± 10.8 8.07 ± 0.58 1.13 ± 0.56 504 ± 234 
allows the soil to remain porous, thereby decreasing the bulk density. The organic matter present 
in the columns was found to be significantly higher in the top layer (p<0.0001) as expected as 
compared to the other layers in the column. This was expected as organic matter was added to 
the top section as a media for plant growth. Also, there was no significant difference in the 
organic matter in terms of salinity treatments.  
 As was seen for the organic matter content, soil TP was not significantly different 
(p<0.0001) between salinity treatments (Table 2.3). At the same time, the top surface of the 
columns show a significantly higher amount of TP content as compared to the other layers 
(p<0.0001). Also, there is a considerable amount of TP found to be measured in the bottom most 
sand layer, which though, is significantly lower than the other layers of the column. This trend is 





Figure 2.1: Schematic of column-study setup for the MUS, showing location of sampling ports 
(right) and cut soil segments (left). 
the increase in the organic matter (Farnham and Finney, 1965). The mean soil TP ranged from 
291.46 P to 804.17 P from the sand layer to the topmost soil layer in the columns.  
Based on the redox potential measured at every depth, the entire results were segregated 
into surface and subsurface measurements. The mean surface redox potential was observed to be 
37.01 ± 100.36 mV and the mean subsurface redox potential was measured to be -118.39 ± 99.51 
mV. The minimum and maximum redox values were reported as -528 mV and 533 mV 
respectively. 
 As discussed earlier, pH is the base of speciation of the different forms of phosphorus. 




encompassing both the salinity treatments. This puts the entire range of the soil samples, in near-
neutral and alkaline conditions. The relative distribution of the phosphate species as a function of 
pH indicates that the dominant phosphate species in the soil with a near-neutral and alkaline 
conditions are    (Marcel van der Perk, 2002). The relative protonation 
determine their reactivity as inorganic ligands or ion pairs, particularly with iron and aluminum 
under acidic conditions and with calcium and magnesium under alkaline conditions. 
   Total cations in the soil samples were measured using inductively coupled plasma 
atomic emission spectroscopy (ICPAES) (Table 2.4). Iron and aluminum have the maximum 
cation concentration followed by calcium and magnesium. These are the cations which play a 
significant role in retention of phosphorus in the wetland soils. As the redox potential is 
considerably low over the entire column, accompanied by the near neutral and alkaline pH, the 
conditions are conducive for high solubility of the phosphorus in inorganic form associated with 
the cations that govern the precipitation and adsorption phenomena. Near neutral and alkaline 
conditions dictate the retention of phosphorus by binding and precipitation with calcium and 
magnesium. High iron and aluminum concentrations present in the soil also govern the inorganic 
binding of the phosphorus to a certain extent. Under aerobic conditions, iron is present in form of 
Fe-oxides which readily precipitates any available dissolved inorganic phosphate as amorphous 
ferric phosphate. But, under anaerobic conditions, ferric ion is reduced to ferrous ion, thus 
liberating the associated phosphate. Especially under near neutral and alkaline conditions, the 
calcium present in high concentration in the soil reacts with the liberated phosphorus and forms 
various calcium phosphates, whereas the ferrous ion reacts with the carbonates in the soil pore 
water and forms FeCO3 (Reddy and Delaune, 2008). This usually happens in the soil with high 
phosphorus and calcium content. 
The deposition of detrital organic matter at the soil-floodwater interface increases the 
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Table 2.4: Pre-study to Determine the Cation Concentrations in the MUS Soil 
 
Element Column Wetland Soil Typical Soil Concentrations* Typical Range* 
                  mg/kg mg/kg   mg/kg 
Al 8,400 ± 260 71,000 10,000 - 300,000 
As 1.54 ± 0.18 5 1 - 50 
Ba 164 ± 8.80 430 100 - 3,000 
Ca 6,600 ± 270 13,700 7,000 - 500,000 
Cd 0.615 ± 0.056 0.06 0.01 - 0.70 
Co 4.48 ± 0.02 8 1 - 40 
Cr 11.81 ± 0.27 100 1 - 1,000 
Cu 3.52 ± 0.21 30 2 - 100 
Fe 9,000 ± 130 38,000 7,000 - 550,000 
K  2,600 ± 60 8,300 400 - 30,000 
Mg 4,700 ± 85 5,000 600 - 6,000 
Mn 140 ± 4 600 20 - 3,000 
Mo 0.13 ± 0.04 2 0.2 - 5 
Na 6,500 ± 210 6,300 750 - 7,500 
Ni 9.80 ± 0.24 40 5 - 500 
P  290 ± 3.8 600 200 - 5,000 
Pb 4.40 ± 0.19 10 2 - 200 
S  1,000 ± 160 700 30 - 10,000 
Si 250 ± 61 320,000 230,000 - 350,000 
V  21.10 ± 0.50 100 20 - 500 
Zn 26.43 ± 0.26 50 10 - 300 
* - Adapted from Fuller and Warrick, 1985 
demand for electron acceptors which create the anaerobic conditions, thus resulting in further 
reduction of iron oxides. Reduction of ferric iron in FePO4 to the soluble ferrous iron is one of 
the dominant processes which control the phosphorus solubility in anaerobic systems. The 
charge of the solid phase is pH dependant and phosphate adsorbs more strongly under acidic 
conditions because the positive charge from the hydrogen ion attracts the negatively charges 
phosphate anions. As the pH in this case is more at the near-neutral and alkaline conditions, it 
can be deduced that precipitation is a dominant characteristic which dictates phosphorus 




2.3.2 Soil Phosphorus Forms 
 The characterization of soil phosphorus was examined to determine the organic and 
inorganic pools of phosphorus present in the soil. Identifying the dominant P fractions present is 
critical for understanding phosphorus cycling and retention capacity of the wetland soil in the 
MUS (Table 2.5). This will develop insight about the fate of wastewater P once it is injected into 
a MUS system. This knowledge will in turn be utilized to design and determine the operational 
guidelines for the MUS. 
 The water-extractable P, consisting of labile, readily bioavailable P, comprised of the 
smallest portion (0.01 – 1.03%) of the total P pool. There was no significant difference 
(p<0.0001) in the concentration of the bioavailable P relative to treatment salinity or depth. The 
NaOH extractable reactive Al and Fe-bound P comprised of 4.1 to 31.9% of the total P pool in 
the study. The NaOH-Pi fraction was significantly higher in the surface layer of the columns as 
compared to the other soil layers. Based on the salinity treatments, FA was observed to have 
significantly higher NaOH-Pi concentration as compared to FC and SC.  
The NaOH extractable organic P fraction consisted of non-reactive P associated with 
humic and fulvic acids, as well as bacteria incorporated P (calculated as NaOH TP – NaOH Pi). 
The NaOH Po accounted for 3.1 to 14.8% of the total P over the entire depth of the columns. This 
is attributed to the low organic matter content present in the soil, most of which is available in 
the surface layer. This is accentuated with the result that the NaOH-Po percentage was found to 
be significantly higher (p<0.0001) in the surface layer when compared to the sub-surface which 
did show any significant difference amongst the different layers. Freshwater ammonia (FA) and 
freshwater Controls (FC) differed significantly from each other, FA being higher than FC based 
on the salinity treatment. The remaining treatments showed no significant difference. The HCl- 
extractable reactive Ca and Mg bound P made up of 31.3 to 84.8% of the total P pool over the 
entire depth of the columns. Unlike the other P-fractions, the surface layer showed significantly 
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Depth(cm) %  % % % % % 
0 - 14  SC 0.06 30.6 22.1 8.40 48.1 21.3 
  FC 2.75 27.5 23.2 4.39 45.9 23.8 
  SN 0.00 54.5 35.8 18.6 25.4 20.2 
  FN 3.04 63.3 34.8 28.5 13.5 20.2 
  SA 0.00 37.7 29.1 8.56 39.5 22.8 
  FA 0.35 66.4 46.2 20.2 15.2 18.1 
14 - 28  SC 2.35 7.86 6.32 1.55 74.1 15.7 
  FC 0.00 5.39 3.96 1.44 82.9 11.7 
  SN 0.00 11.3 8.26 3.02 62.3 26.4 
  FN 0.16 15.0 11.5 3.56 71.1 13.7 
  SA 0.00 10.9 7.68 3.25 78.9 10.1 
  FA 0.00 16.7 10.8 5.89 73.6 9.73 
28 - 42  SC 0.00 5.58 2.95 2.64 85.0 9.39 
  FC 0.00 5.26 2.81 2.45 85.3 9.49 
  SN 0.00 8.48 4.56 3.92 82.2 9.32 
  FN 0.00 9.03 4.76 4.27 82.5 8.52 
  SA 0.01 7.74 4.19 3.56 83.8 8.45 
  FA 0.06 10.2 5.59 4.56 82.3 7.45 
42 - 56  SC 0.00 5.94 3.12 2.83 85.1 8.95 
  FC 0.00 5.63 3.06 2.57 84.7 9.66 
  SN 0.02 9.46 5.03 4.43 82.5 8.06 
  FN 0.02 11.4 5.89 5.50 80.3 8.28 
  SA 0.00 7.25 3.95 3.30 84.7 8.09 
  FA 0.02 10.7 5.62 5.03 83.2 6.18 
56 - 70  SC 0.00 5.39 2.91 2.48 84.9 9.67 
  FC 0.00 5.80 3.02 2.78 84.9 9.26 
  SN 0.00 8.66 4.65 4.00 81.9 9.41 
  FN 0.00 9.75 5.14 4.61 84.8 5.50 
  SA 3.17 7.35 3.84 3.51 82.2 7.33 
  FA 0.02 10.9 5.74 5.19 82.9 6.14 
70 - 84  SC 0.00 5.45 2.87 2.58 85.8 8.76 
  FC 0.00 5.47 2.77 2.70 84.7 9.46 
  SN 0.00 8.52 4.88 3.64 82.4 9.05 
  FN 0.22 9.19 4.89 4.30 83.3 7.32 
  SA 0.00 9.76 5.20 4.55 82.7 7.56 
  FA 0.03 10.5 5.40 5.09 84.2 5.27 
Sand SC 0.00 5.62 2.78 2.84 83.2 11.2 
  FC 0.00 5.99 3.35 2.64 83.8 10.2 
  SN 0.00 12.5 6.99 5.52 69.7 17.8 
  FN 0.00 16.1 8.84 7.28 67.9 16.0 
  SA 0.00 13.5 7.84 5.61 71.9 14.6 




lower amount of Ca and Mg-bound P as compared to subsurface layer (p<0.0001). This could be 
due to organic acids present in the organic rich surface soil. Based on the salinity treatments, the 
FC was significantly higher than freshwater Nitrate (FN), whereas all the other treatments 
showed no significant difference. The residual Po representing the refractory organic P and any 
other inert mineral P fractions not extracted with salt, acid or base composed 7.9 to 21.1% of the 
total P. The surface layer was significantly higher than the other layers over the column.  
In general, the entire P-pool seemed to be evenly distributed in the surface layer, and tend 
to accumulate a higher percentage towards the Mg and Ca-bound P. This supports the fact that in 
the aerobic layer, the presence of high concentration of Fe and Al cations in the soil tends to 
precipitate the phosphate ions. With the deposition of the organic matter at the surface layer, 
there is a need of electron acceptors, which creates anaerobic conditions in the sub-surface 
layers. Due to the governance of anaerobic conditions, the ferric iron gets reduced to ferrous iron 
which is soluble and releases the phosphate associated with it. Due to the high concentration of 
Ca and Mg ions present in the soil matrix, and pH ranging at near-neutral and alkaline 
conditions, the released phosphate was precipitated into various forms of calcium phosphates. 
Thus, high percentage of Ca/Mg-bound P forms are observed in the sub-surface of the column 
layers which are significantly higher (p<0.05) than the surface layer where the aerobic conditions 
prevail. Amorphous forms of these minerals are formed first which can easily release the 
phosphorus precipitated, back to the soil matrix. As discussed in the column setup and 
methodology, due to the continuous flooding of the columns every alternate day, with time, 
continuous interactions of soluble phosphorus with Ca and Mg compounds result in the 
formation of stable phosphate minerals. This results in a significant decrease in the number of 
bioavailable forms of phosphorus.  
As discussed in the section 2.2.1, each column received 15 mg/L PO4
3—P. The soil pore-
water phosphorus represented by the water extractable P in the P-fractionation scheme was found 
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to be below the instrument detection limit for about 60% of the observations made (Table 2.6). 
This suggests that all the influent phosphorus in the soil matrix was quickly either sorbed to the 
soil surface or being precipitated by the high mineral content of the MUS soils. This removal can 
be facilitated by the favorable redox conditions and the near-neutral to alkaline pH of the MUS 
soils. 
Table 2.6: Concentration of Water Extractable-Pi for the MUS Soils in the Column study 
Salinity Treatments, Concentration (mg/L) 
     Depth Saltwater Saltwater Saltwater Freshwater Freshwater Freshwater
cm control ammonia nitrate control ammonia nitrate 
0-14 0.25 nd nd 12.4 5.26 34.5 
14-28 9.74 nd nd nd nd 0.781 
28-42 nd 0.06 0.159 nd 2.26 nd 
42-56 nd nd 0.089 nd 0.088 0.090 
56-70 nd 14.0 nd nd 0.079 nd 
70-84 nd nd nd nd 0.136 0.964 
Sand nd nd nd nd 0.195 nd 
nd = Not detectable (Detection limit of 0.004 mg/L) 
2.3.3 Soil Microbial Phosphorus  
 The rate of microbial activity and structure of the microbial community is largely 
dependent on environmental factors. Both size and activity of the microbial pool influences the 
nutrient removal of a wetland (White and Reddy, 1999) as well as removal of other contaminants 
(White et al., 2006). Organic phosphorus cycling is governed by the microbial activities 
functioning in the soil profile, which include aerobic, facultative anaerobic, and obligate 
anaerobic. The two dominant biological phosphorus pools are total soil organic P and the 
microbial biomass P (Di et al., 1997). The total soil organic P consists of a number of different 
molecular weight compounds. This is comprised of the microbial biomass organic pool and the 
total soil organic phosphorus, which is refractory under natural conditions. Thus, phosphorus 
released from the organic matter must cycle through the microbial biomass. The observations 
were made over the entire depth of the columns and reported as surface and sub-surface layers 
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 (Table 2.7).  
 The PMP was significantly higher (p<0.0001) in the surface layer compared to the sub-
surface layer. This supports the fact that high amount of detrital deposition in the surface layers 
produces higher nutrients and consequently, higher microbial activities. Thus, the heterotrophic 
microbial activity and the P mineralization rates were found to be higher in the surface layers as 
compared to the sub-surface layers. In nutrient rich systems, 80% of the phosphorus stored in 
some aquatic macrophytes detrital tissue 
Table 2.7: Total Carbon (TC), Microbial Biomass Carbon (MBC) and Potentially Mineralizable 




(g C/kg soil) 
MBC  
(g C/kg soil) 
PMP  
(mg P /kg -day) 
Surface layer 
 
SC 30.9 ±11.1 2.59 ± 0.10 3.81 ± 1.37 
FC 60.9 ± 13.0 4.11 ± 1.11 5.39 ± 1.92 
SN 81.8 ± 13.8 4.37 ± 1.30 10.1 ± 5.96 
FN 184 ± 135 9.50 ± 7.12 24.2 ± 5.45 
SA 57.5 ± 23.9 4.07 ± 3.73 9.63 ± 3.14 




SC 7.69± 3.64 0.99 ± 0.39 0.24 ± 0.50 
FC 7.39 ± 2.73 1.01 ± 0.33 0.14 ± 0.22 
SN 8.67 ± 5.86 0.75 ± 0.15 0.32 ± 0.52 
FN 9.86 ± 9.92 0.95 ± 0.46 0.44 ± 0.75 
SA 8.01 ± 4.36 0.92 ± 0.35 0.11 ± 0.35 
FA 8.98 ± 8.56 0.98 ± 0.52 0.30 ± 0.37 
is released into the water column either by initial leaching or as a result of decomposition (Reddy 
and DeLaune, 2008). Detrital organic phosphorus is decomposed and transformed during burial, 
when there is generally a shift from aerobic to anaerobic conditions in the profile. A portion of 
total soil organic phosphorus in the form of dissolved organic phosphorus (DOP) is assimilated 
by the total microbial pool by the enzymatic activity. Due to the phosphatase activity, this 
dissolved organic phosphorus mineralizes to dissolved inorganic phosphorus (DIP) (Figure 2.2). 
Inorganic P released from microbial mineralization adds to the labile P pool in the soil in direct  
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proportion to the rates of organic P mineralization (Reddy and DeLaune, 2008).  
 
EA = Extracellular enzyme activity 
Figure 2.2: Schematic showing organic phosphorus behavior due to microbial activity in the 
MUS soils. 
Mineralization rates are drastically reduced under anaerobic conditions, which lead to 
accumulation of moderately decomposable compounds, along with lignin and other recalcitrant 
fractions. At lower soil depths, much of organic matter is well decomposed, resulting in high 
lignin / (lignin + cellulose) ratios and low microbial activity (DeBusk and Reddy, 1998). This 
results in minimal demand for bioavailable P. Thus, accumulation of soil organic phosphorus in 
wetlands is typically characterized by a stratified buildup of partially decomposed plant remains, 
with relatively little humification. However, the biodegradability of organic phosphorus 
decreases with depth because material in deeper layers is older and more organic phosphorus is 
humified compared to recently accumulated material near the surface (Reddy and Delaune, 
2008). This explains the more or less even distribution of the P-fractions in the surface layer, 
which shows a considerable amount of NaOH-extractable organic P (Po). Also, the potentially 
mineralizable phosphorus is positively correlated to microbial biomass carbon (Table 2.8), which 
suggests that microbial biomass carbon can provide a good estimate of the soil heterotrophic  
microbial activity (White and Reddy, 2000).  
Rapid uptake of phosphorus by bacteria occurs under aerobic conditions and results in 
storage of P in the polyphosphate granules. (Marais et al., 1983; Florentz et al., 1984). Under 
anaerobic conditions in the sub-surface layers, phosphorus of polyphosphates is likely 
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Table 2.8: Pearson’s Product Moment Correlation Coefficients for the Microbial Biomass 
Parameters for the MUS Soils (n=140, r > 0.230, p < 0.001) 
                     TC                    MBC 
TC 
MBC 0.95
PMP  0.84 0.89 
 
hydrolyzed for ATP and energy storage products synthesis (Wantzel et al., 1986). Studies have 
shown the effect of alternate electron acceptors and the associated redox conditions, as compared 
to nitrate-, sulfate-, and bicarbonate reducing conditions. Similar response was also observed for 
microbial biomass (McLatchey and Reddy, 1998). Phosphatase activity is directly influenced by 
redox potential, with high activities found under aerobic conditions than anaerobic conditions. In 
the mineral wetland soils and sediments dominated by Fe redox couple, phosphatase activity is 
high under aerobic conditions and decreases with a decrease in redox (Eh). This is supported by 
the observations as discussed earlier under section 2.3.1 which shows, for the MUS soils, the 
redox is higher in the surface soil layer as compared to the sub-surface redox potential.  
There was a significantly higher microbial biomass activity in surface layers as compared 
to the sub-surface layers (Table 2.7), which leads to high phosphatase activity in the surface 
layer under the aerobic conditions. This is because, under aerobic conditions, ferricoxyhydroxide 
removes the dissolved inorganic phosphorus from pore waters and precipitates as ferric 
phosphate. Under anaerobic conditions, reduction of ferric phosphate to Fe(II) release the 
dissolved inorganic phosphorus. The low requirements of anaerobic bacteria and high inorganic 
phosphorus concentration inhibit the phosphatase synthesis. Thus, low microbial activity and 
greater availability of soluble inorganic phosphorus result in lower phosphatase activity. 
Similarly Fleischer (1983, 1986) demonstrated that facultative anaerobes are able to rapidly 
assimilate P from solubilization of Fe(III) and release excess P during shifts between aerobic and 
anaerobic conditions.  Phosphorus of microbial biomass in surficial sediments can be substantial, 
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in the range of 10 to 15% of the total phosphorus of sediments (BostrÖm, 1988). This is 
exemplified in this situation for MUS soils where in the NaOH-extractable organic phosphorus 
was in the range of 4.39 – 28.48% (Table 2.4). The residual refractory organic phosphorus is 
what is not extractable by an acid or basic extractant. The trend of the organic phosphorus being 
higher in the surface layer and significantly lower for sub-surface was found to be consistent for 
all treatment salinities. P release from the organic matter can only happen through the microbial 
decomposition. The average organic matter content of the column studies in the sub-surface was 
2% and the average soil total phosphorus was 440 mg/kg. Based on the average potentially 
mineralizable rates calculated at 400 C from the PMP for the sub-surface (Table 2.7), which is 0.2 
mg P/ kg-d, the effective phosphorus release from the organic matter by the microbial activity is 
0.045% per day. For the actual soil at a temperature of 30 0 C and 200 C, the phosphorus release 
rate would decrease by half consecutively. Thus at 200 C the actual phosphorus release rates by 
the microbial activity will be 0.011% per day. Therefore, as the bulk of the MUS treatment is 
subjected to the anaerobic conditions in the subsurface layer, the primary treatment is through 
inorganic P removal by sorption and precipitation phenomenon and the release of organic 
phosphorus through microbial activity is not a major contributor to the P removal from the MUS.  
Salinity did not show any significant effect on the microbial biomass activity or the P 
fractionation pool. This indicates that precipitation and sorption phenomena are dominant 
mechanism for P removal without having any affect of the ionic strength. The only factor that 
affects the design of the MUS is the redox conditions. This also suggests that applicability of 
MUS is wide-spread and not just confined to a particular coastal wetland area having variegated 
salinity. MUS can thus be applicable to freshwater system, saltwater systems, as well as 
estuarine and coastal wetlands with the same efficiency. However, efficiency of MUS will be 
higher in the regions with lower organic content as compared to high organic rich wetland soils. 
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This is because, with higher organic content there will be higher organic phosphorus content 
which will be released back to the soil matrix by the microbial activity. 
2.4 Conclusions 
The column studies carried out to mimic the MUS in the coastal Louisiana led to several 
conclusions relating the phosphorus treatment of the injected wastewater in the system. The 
MUS soils had high concentration of Fe, Al, Ca and Mg ions. Also, the surface layer was 
reported to have high redox potential (37.01 ± 100.36 mV) compared to the subsurface layer (-
118.39 ± 99.51 mV).  The pH of the soil also ranged from 6.99 to 8.33 which put the soil in the 
range of near-neutral to alkaline conditions. The soil P-fractionation scheme showed the organic 
and inorganic phosphorus sequestration. As discussed in the section 2.2.1, each column received 
15 mg/L PO4
3- -P every alternate day. The soil pore-water phosphorus represented by the water 
extractable P in the P-fractionation scheme was found to be below the instrument detection limit 
for about 60% of the observations made (Table 2.5). This suggests that all the influent 
phosphorus in the soil matrix was quickly either sorbed to the soil surface or being precipitated 
by the high mineral content of the MUS soils. The MUS soils were found to be dominated by the 
inorganic P fraction as compared to the organic P. Iron and calcium ions were mainly responsible 
for retention of inorganic phosphorus in the soil. Iron formed the Fe redox couple under the 
aerobic conditions to bind dissolved inorganic phosphorus, which showed a significantly higher 
fraction of Fe-extractable P in the surface layer as compared to the sub-surface. On the other 
hand, under the anaerobic conditions, due to the low redox and near-neutral to alkaline pH 
conditions, high amount of Ca/Mg-extractable P was found in the sub-surface layers as compared 
to the surface layers. The phosphorus released by Fe in the anaerobic layers is precipitated by the 
Ca and Mg ions to form stable phosphates. High amount of microbial activity was seen in the 
surface layer owing to the high organic matter content and consequently higher nutrients. The 
microbial biomass was considered responsible for retention of the organic phosphorus in the soil. 
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As expected, high amount of NaOH-extractable organic phosphorus was found in the surface 
layer as compared to the sub-surface layer. As the system becomes anaerobic, the requirement of 
the anaerobes for the nutrients reduces, which consequently reduces the phosphatase activity and 
inorganic phosphorus associated with ferric iron gets released to the soil matrix as it gets 
converted to ferrous iron. Also, only 0.011% of organic phosphorus was calculated to be released 
per day at 200 C by the microbial activity for an average organic matter content of 2%, which is 
not very significant. As majority of the MUS falls under the anaerobic soil conditions in the 
subsurface, the expected dominant treatment mechanism is the removal of inorganic phosphorus 
by the means of sorption and precipitation which is not affected significantly by the organic P 
release by the microbial activity. Salinity did not show any significant effect on the microbial 
biomass activity or the P fractionation pool. This indicates that precipitation and sorption 
phenomena are dominant mechanism for P removal without having any affect of the ionic 
strength. The only factor that affects the design of the MUS is the redox conditions. This also 
suggests that applicability of MUS is wide-spread and not just confined to a particular coastal 
wetland area having variegated salinity. MUS can thus be applicable to freshwater system, 
saltwater systems, as well as estuarine and coastal wetlands with the same efficiency. However, 
efficiency of MUS will be higher in the regions with lower organic content as compared to high 








Chapter 3: Phosphorus Sorption Kinetics in Wetland Soils: Implications for the Marshland 
Upwelling System 
3.1 Introduction 
Coastal wetlands consist of salt marshes which are located at the mouths of rivers on 
coasts; coastal fresh marshes just inland of salt marshes; forested floodplains near the mouths of 
rivers; tideflats; mangrove swamps; and river deltas. These coastal wetland areas are of great 
significance as they are major sources of economic, ecologic, and aesthetic value. Currently, 
coastal waters are one of the largest contributors of GDP (58%), 54% of the employment and 
housing 53% of the total population (NOAA, 2008). By the year 2005, the coastal population 
reached 166 million (NOAA, 2002). The disproportionately high concentration of population in 
the coastal zone in the U.S. can be attributed to favorable demographics and abundant valuable 
resources. While such development has contributed to economic growth, it has also damaged 
sensitive ecosystems. Nutrient enrichment is directly responsible for over half of these 
impairments. In 1998, Clean Water Action Plan, reported that, approximately 40% of United 
States coastal waters were not suitable for swimming or fishing due to contamination by excess 
nutrients and bacteria (NOAA 1999b). This is a significant problem, which is exacerbated by 
poor or incomplete wastewater treatment, of coastal dwellings. Pragmatic alternatives to the 
traditional onsite wastewater system are needed reduce the impact of wastewater discharges in 
coastal environments.  
Traditionally, at many coastal camp locations, owners have simply discharged untreated 
household wastes into a nearby canal, bayou or marsh surface without treatment. As an 
alternative approach to dealing with these wastes, environmental engineers from Louisiana State 
University developed an alternative onsite wastewater treatment system for coastal regions 
termed the Marshland Upwelling System (MUS) (Figure 3.1). The system was designed to 
operate in fully saturated, anaerobic subsurface environments. The MUS uses a combination of 
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existing sand/soil matrix and saline groundwater of native marshes to create an upflow filter 
capable of removing organic matter, fecal pathogens, and nutrients. The upflow filter is 
generated when wastewater is pumped down an injection well, introducing a freshwater 
(Stremlau, 1994; Watson Jr. and Rusch, 2002; Richardson et. al, 2004). This phenomenon 
induces lateral and longitudinal dispersion, thus increasing the trajectory distances, prolongs the  
 
Figure 3.1: Cross-sectional view of the Marshland Upwelling System indicating the expected 
direction of wastewater from flow upon injection into the subsurface. 
exposure of the wastewater to a number of physical, biological and chemical processes including 
sorption, dissolution and precipitation of phosphorus, which work in combination to treat the 
wastewater. Besides reducing the concentration of bacterial pathogens and oxygen consuming 
organic matter (Richardson and Rusch, 2005; Watson Jr. and Rusch 2002; Addo, 2004), this 
technology facilitates an overall mass reduction in nitrogen and retention of phosphorus.  
3.1.1 Sorption Kinetics 
Even though, there are several removal processes in a wetland subsurface, sorption and 
precipitation are the primary mechanisms responsible for the removal of phosphorus. Sorption is 
the overall effect considering the initial uptake (adsorption) of the substrate by the soil particles 
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and the release of the substrate from the soil surface back to the soil matrix under certain 
conditions (desorption). The adsorption and desorption of P by sediments mainly depend on their 
physical, chemical, and biological properties. The retention behavior of inorganic P in soil has 
been ascribed to adsorption/desorption reactions and precipitation/dissolution processes (Barrow, 
1980). Sorption of phosphate is strongly influenced by redox potential. Phosphorus adsorbs to 
mineral surfaces and once all surface sites are filled, P begins to diffuse into the particle via 
absorption (Sanyal and De Datta, 1991; Reddy et al., 1999). Sorption processes are temporally 
dependent and pH controlled and the process rates decrease with time (Barrow, 1984; Bolan et 
al., 1985). Phosphorus sorption capacities of soils are often related to the amount of poorly 
crystalline and amorphous forms of aluminum (Al) and iron (Fe) (Ponnamperuma, 1972; Khalid 
et al., 1977; Van der Zee et al., 1988; Reddy et al., 1995; Reddy et al., 1998; Axt et al., 1999). 
Primary phosphate-sorbing soil surfaces are those of Al and Fe oxides, hydroxides, and 
oxyhydroxides – which are collectively referred to as oxides – (Torrent, 1997), organic 
complexes of Al and Fe (Borggaard et al., 2004), edges of silicate clays, and calcite (Matar et al., 
1992). The reduction and dissolution of iron and its reprecipitation to form ferrous minerals 
(Fe3(PO4)2) is thought to be the dominant process controlling P solubility in anaerobic systems. 
Sorption is typically greater under aerobic soil/sediment conditions than anaerobic conditions (Li 
et al., 1972; Moore and Reddy, 1994; Nürnberg, 1988; Ann, Reddy and Delfino, 2000). 
However, fluctuating aerobic and anaerobic conditions of soils and sediments can also cause 
transformation of crystalline Al and Fe compounds to more amorphous forms under anaerobic 
conditions, which have greater surface areas for P sorption reactions to occur (Patrick and 
Khalid, 1974; Kuo and Mikkelsen, 1979; Sah and Mikkelsen, 1986; Sah and Mikkelsen, 1986a).  
The dry soil fractionation in terms of sand, silt, and clay is one of the most important 
characterizations to consider for the phosphorus sorption study. Edzwald et al. (1976), showed 
that the combined effect of the type of clay particles and pH of the soil dominate the phosphate 
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sorption characteristics. For kaolinite and illite type of clays, the maximum phosphate sorption 
occurs in the pH range 4 to 5, with decreasing amounts of adsorption at lower and higher pH. For 
montmorillonite clay, phosphate adsorption increases with increasing pH. Chen et al. showed 
that phosphate clay sorption by single solid phases can be usually modeled as a two-step process. 
The first step involves rapid adsorption on the surfaces of solid phases, which occurs 
immediately after solids come in contact with the P in solution within 24 h. The slow diffusion 
into the solid phase forms the second step of sorption (Froenlich, 1988). The slow second step is 
significant under acid pH conditions, where this stage involves dissolution of aluminum from 
clay lattice resulting in formation of AlPO4 crystals. On the other hand, for pH greater than 7, 
adsorption reaction is essentially complete in 24 h. Due to the variety of complex mechanisms 
involved in the P adsorption and absorption, usually the two-step model is not used in the 
literature (Reddy et al., 1999). The ionic strength of the pore-water can also impact the 
adsorption mechanism. This is now important with the increasing number of treatment wetlands 
being installed within saltwater systems, such as the Marshland Upwelling System. 
Theoretically, subsurface soil within the MUS acts as filter media supporting these processes as 
the injected freshwater travels within the system. Phosphorus retention within the MUS will be 
highly dependent on adsorption in which the effect of ionic strength needs to be understood. 
Overall, several chemical, physical and biogeochemical characteristics can regulate the 
phosphate adsorption capacity of substrates from within the subsurface. 
Adsorption isotherms are useful to quantify P sorption processes by soils and sediments. 
The Langmuir, Freundlich and Temkin models have been used to estimate P sorption (Barrow, 
1978; Sanyal and De Datta, 1991; Rhue and Harris, 1999; Graetz and Nair, 2000), the most 
common of which are the Langmuir and Freundlich models (Reddy et al., 1999; Rhue and 
Harris, 1999). The Langmuir model has advantages in comparison to the Freundlich and Temkin, 
as it provides more information on P sorption parameters (Graetz and Nair, 2000). The 
50 
 
Freundlich isotherm is similar to the linear isotherm in that the mass of solute sorbed does not 
approach an upper limit. Thus, this equation should not be extrapolated beyond the experimental 
range (Fetter, 1999). The Langmuir one-site isotherm assumes that adsorption occurs at specific 
sites and that once these sites are occupied, no further adsorption occurs. Owing to the presence 
of large concentration of metals present in the soil, there is a possibility that soils might have 
more than one energy level binding sites on which adsorption can occur. Langmuir one-site 
isotherm is not able to mimic this phenomenon. Thus, Langmuir two-site sorption isotherm can 
be used to address this issue to determine the sorption occurring at two different energy level 
binding sites. A few studies have also used Temkin isotherm to mimic the sorption behavior of 
phosphorus on soils (Masud et al., 2006; Mead, 1981). The Temkin adsorption isotherm is 
similar to Freundlich in scope, but uses a different function to express the nonlinearity of 
adsorption. 
Thus, the overall objectives of this study were to determine the: (1) best fit sorption 
model that describe P sorption under for the MUS soil conditions, (2) effect of a range of 
salinities on P sorption characteristics, (3) the effect of aerobic and anaerobic conditions of P 
sorption behavior and, (4) Determine the maximum adsorption capacity of the MUS soils based 
on the best fit isotherm model, which can further be utilized to estimate the service life of the 
MUS. 
3.2 Materials and Methodology 
3.2.1 Soil characteristics 
 The pre-study of the soil collected from the MUS constituted of measuring the dry soil 
characteristics in terms of (%) silt, sand and clay. Edzwald et al. (1976), showed that the 
combined effect of the type of clay particles and pH of the soil dominate the phosphate sorption 
characteristics. Relative percent sand, silt, and clay values were determined using sieve (ASTM 
C117, C136) and hydrometer analyses (ASTM D422). The median grain size diameter (d50) and 
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uniformity coefficient (d60/d10) were also calculated using methods recommended by the ASTM 
(ASTM, 1995). Total cations in the soil samples were also measured using inductively coupled 
plasma atomic emission spectroscopy (ICPAES), to estimate the cations type and concentration 
that affects the phosphorus sorption occurring in the soil matrix due to the soil and wastewater 
interaction.  
3.2.2 Sorption Studies 
The phosphorus sorption study was divided into aerobic and anaerobic adsorption-
desorption experiments, under ionic strength (0.11M, 0.68M and 1.18M) represented as different 
salinity conditions (2, 10 and 20 ‰ respectively) simulating the freshwater and saltwater 
conditions of the MUS. Aerobic adsorption-desorption experiments were performed in triplicate 
by weighing 1 g equivalent of dry soil, in 50-mL centrifuge tubes. Ten mL of solution containing 
the following concentrations of P: 0.00, 0.5, 1.0, 3.0, 5.0, 10.0, 20.0, 40.0 and 60.0 mg P/L was 
added to the centrifuge tubes containing soil. Tubes were then placed on a reciprocating end-to-
end shaker for a 24-h equilibrium period at room temperature. The samples were centrifuged at 
5211 g for 10 min, and the supernatant was decanted and filtered through a 0.45-µm membrane 
filter. All extracts were frozen until analyzed for soluble reactive phosphorus (SRP). Phosphorus 
not recovered in the solution was assumed to be adsorbed by the sediment (S’, in mg/kg). After 
the P adsorption experiment, 10 mL of the 2, 10 and 20 ‰ P-free saline solutions were added to 
the respective samples and equilibrated for 24 h on a reciprocating end-to-end shaker. The 
samples were centrifuged at 5211 g for 10 min, and the supernatant liquid was decanted and 
filtered through a 0.45 µm membrane filter. All extracts were frozen until they were analysed for 
SRP. The increase of SRP in the solution was assumed to be the P desorbed (Pdes) from the 
sediment. After adsorption filtration, the tubes were to correct for any moisture increase or 
decrease between the sorption and the desorption experiments. The P retained (Pr) in the 
sediment was calculated as Pr = S’ - (Pdes). 
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 The anaerobic sorption-desorption experiments were also conducted in triplicate by 
weighing 1 g equivalent of dry soil samples in 50-mL centrifuge tubes fitted with airtight caps 
and rubber septa. The samples were purged with 99.99% pure N2 to create an O2–free 
environment. These samples were then pre-incubated in the dark at 25oC for a one week period 
to ensure anaerobic conditions. The samples were placed in a water bath to maintain constant 
temperature and reduce the possibility of diffusion of oxygen from the atmosphere. When the 
samples were taken out from the water bath at the end of one week incubation period, a 10.5 mL 
gas sample was extracted through the septa in the lid and was checked for the presence of 
methane gas inside the tubes using a Gas Chromatograph to ensure the anaerobic conditions. 
Once the anaerobic conditions were verified, each set of saline samples (2, 10 and 20 ‰) was 
added with 10 mL of SRP (0.00, 0.5, 1.0, 3.0, 5.0, 10.0, 20.0, 40.0 and 60.0 mg P/L) solutions, 
previously purged with N2 using a syringe and needle.  The samples were then allowed to 
equilibrate for 24 h on a reciprocating end-to-end shaker and centrifuged at 5211 g for 10 min. 
the supernatant liquid was removed with a syringe and filtered anaerobically under N2 
atmosphere through a 0.45 µm membrane filter. Phosphorus not recovered in the solution was 
assumed to be adsorbed by the sediment (S’). Ten mL of P-free saline solution (2, 10 and 20‰) 
purged with N2 was added to the respective set of samples and equilibrated for 24 h on a 
reciprocating end-to-end shaker. The samples were then centrifuged at 5211 g for 10 min and 
supernatant liquid was filtered anaerobically through a 0.45-µm membrane filter. Samples were 
frozen until they were analysed for SRP. Increase in SRP in the solution was assumed to be the P 
desorbed from the sediment. After adsorption filtration, tubes were weighed to correct for any 
increase or decrease in moisture between the sorption and desorption experiments. For aerobic 
and anaerobic set both, a triplicate on blanks containing no soil and the solution of each salinity 
was also run; subjected to all the treatments throughout, to account for any phosphorus release 
from the tubes. 
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3.2.3 Data Analysis  
The results of the adsorbed phosphorus (S’) were analysed using different adsorption 
isotherm models. The total amount of P adsorbed by sediments (S) was calculated (mg/kg) as the 
sum of measured P adsorbed (S’) plus the initial P sorbed in the sediment (S0) (Olila and Reddy, 
1993): 
                                                        S = S’ + S0                                                      (3.1) 
The value of S0 (mg/L) was estimated from the isotherms using a least-squares fit of S’ measured 
at low equilibrium concentrations (C) (i.e., the linear part of the isotherm): 
                                                        S’ = K’ C – S0                                                 (3.2) 
where K’ is the linear sorption coefficient (L/kg), generally referred to as buffer capacity (Olila 
and Reddy, 1993). The linear sorption isotherm is mathematically the simplest of the sorption 
isotherms, defined by equation 3.2. The simplicity of the linear sorption isotherm is appealing 
from a modeling standpoint, but it also limits its applicability. Despite the verity that the mass of 
solute sorbed to a solid must be finite, the linear sorption isotherm theoretically implies that an 
infinite amount of solute can be sorbed onto a solid. Additional limitations occur when applying 
the linear sorption isotherm to a limited number of data points. Sorption isotherms fit using only 
a few data points may erroneously represent curvilinear data as a linear relationship. For these 
reasons, it is imperative to note that a linear relationship exists only within the experimental 
range. Values of interest should never be extrapolated beyond this range (Fetter, 1999).  
All the data was corrected prior to fitting the isotherms to account for the initial P sorbed 
in the sediment (So). Thus, the data was plot for total P sorbed to the sediment (S) against the 
equilibrium phosphate concentration (Ceq). The Freundlich sorption isotherm is the most general 
of the nonlinear isotherms (Equation 3.4 (Table 3.1)). For values of N greater than 1, the plot of S 
versus Ceq is curvilinear with a spreading front; for values of N  less than 1, the plot of S versus 
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Ceq is curvilinear with a self-sharpening front; for a value of N equal to 1, the Freundlich sorption 
isotherm simplifies to the linear sorption isotherm. The Freundlich isotherm is similar to the 
Table 3.1: Equations Used to Model Phosphorus Sorption Phenomena for the MUS Soils 
Equation Sorption Isotherm Isotherm Equation 
3.3 Linear S′ K C S  
3.4 Freundlich ln S ln K N ln C  
3.5 Langmuir One-site 
S
K B C
1  K C
 







3.7 Temkin S a b ln C  
S = Mass of solute sorbed per dry unit weight of sorbent; C = Concentration of solute in 
equilibrium with the mass of solute sorbed; K  Linear sorption coefficient (L/kg); K = 
Freundlich sorption constant (mg/kg); N = Freundlich sorption constant; K = Langmuir sorption 
constant (L/mg) related to the binding energy; B = Maximum amount of solute that can be 
sorbed by the solid (mg/Kg); a and b(mg/kg) = Temkin sorption constants.  
linear isotherm in that the mass of solute sorbed does not approach an upper limit. Thus, this 
equation should not be extrapolated beyond the experimental range (Fetter, 1999). To address the 
limitations in applicability of the linear and Freundlich isotherms, the Langmuir sorption 
isotherm was also investigated. The Langmuir sorption isotherm based is on the assumption that 
a finite number of sorption sites exist on a solid surface and can be expressed by the Equation 3.5 
(Table 3.1). Langmuir isotherms fit to the plot of Ceq as a function of S have a curved shape 
approaching a maximum value (Fetter, 1999). Considering that sorption is not the only 
mechanism by which the phosphorus is retained in the MUS soils, and owing to the presence of 
large concentration of metals and other multi-valent cations present in the soil, there is a 
possibility that soils might have more than one energy level sites on which adsorption can occur. 
Langmuir one-site isotherm is not able to mimic this phenomenon. Thus, the Langmuir two-site 
adsorption isotherm was also used to fit the sorption characteristics which can be seen Equation 
3.6 (Table 3.1). The suffix 1 and 2 relate to the binding energies to the site one and two, 
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respectively. A few studies have also used the Temkin isotherm to predict the sorption behavior 
of phosphorus on soils (Masud et al., 2006; Mead, 1981). The Temkin adsorption isotherm is 
similar to the Freundlich in scope, but uses a different function to express the nonlinearity of 
adsorption (Equation 3.7 (Table 3.1)).  
After the batch adsorption study, the equilibrium phosphate concentrations were used 
against the initial concentrations to calculate the percentage efficiency of the MUS soils to 
adsorb the phosphorus. The mean removal concentrations were calculated as the difference 
between initial and equilibrium phosphate concentrations which were then represented in form of 
(%) adsorption efficiency.  
3.3 Results and Discussion 
3.3.1 Soil Characteristics 
Relative percent sand, silt, and clay values were determined using sieve (ASTM C117, 
C136) and hydrometer analyses (ASTM D422) (Table 3.2). The median grain size diameter (d50) 
and uniformity coefficient (d60/d10) were also calculated using methods recommended by the 
ASTM (ASTM, 1995). The clay content of the soil was 4.95% and the silt content was 
determined to be 18.2%. The clay type was found to be anorthite. 
Table 3.2: Physical Characterization for the MUS Soils 
















Total cations in the soil samples were measured using inductively coupled plasma atomic 
emission spectroscopy (ICPAES) (Table 3.3). Iron and aluminum were found to have the 
maximum cation concentration followed by calcium and magnesium. These cations play a 
significant role in retention of phosphorus in wetland soils by means of sorption and precipitation 
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depending on the aerobic and anaerobic conditions. 
Table 3.3: Pre-study to Determine the Cation Concentration in the MUS Soils 
Element Column Wetland Soil Typical Soil Concentrations* Typical Range*
                  mg/kg mg/kg   mg/kg 
Al 8,400 ± 260 71,000 10,000 - 300,000 
As 1.54 ± 0.18 5 1 - 50 
Ba 164 ± 8.80 430 100 - 3,000 
Ca 6,600 ± 270 13,700 7,000 - 500,000 
Cd 0.615 ± 0.056 0.06 0.01 - 0.70 
Co 4.48 ± 0.02 8 1 - 40 
Cr 11.81 ± 0.27 100 1 - 1,000 
Cu 3.52 ± 0.21 30 2 - 100 
Fe 9,000 ± 130 38,000 7,000 - 550,000 
K  2,600 ± 60 8,300 400 - 30,000 
Mg 4,700 ± 85 5,000 600 - 6,000 
Mn 140 ± 4 600 20 - 3,000 
Mo 0.13 ± 0.04 2 0.2 - 5 
Na 6,500 ± 210 6,300 750 - 7,500 
Ni 9.80 ± 0.24 40 5 - 500 
P  290 ± 3.8 600 200 - 5,000 
Pb 4.40 ± 0.19 10 2 - 200 
S  1,000 ± 160 700 30 - 10,000 
Si 250 ± 61 320,000 230,000 - 350,000 
V  21.10 ± 0.50 100 20 - 500 
Zn 26.43 ± 0.26 50 10 - 300 
* - Adapted from Fuller and Warrick, 1985 
3.3.2 Comparison of Sorption Isotherms 
The Freundlich, Temkin, Langmuir one-site and Langmuir two-site isotherms were fit to 
the plot of phosphorus adsorbed (S) against equilibrium phosphate concentration (Ceq), to 
determine which model predicted the best fit of the data (Figure 3.2 and Figure 3.3). Also, the 
best model fit would provide insight on the impact of ionic strength and the aerobic and 
anaerobic conditions on the maximum adsorption capacity of the soil. Based on the discussion of 
the limitations of each isotherm, and the r2 values (Table 3.4) obtained from the fit of the curves 
(which indicate the better fit for the variance of the data), the best fit model was chosen.  
The Temkin isotherm model did not fit the adsorption curve as well as the Freundlich and 
Langmuir isotherm (Table 3.4; Figure 3.2 and Figure 3.3). Freundlich and Langmuir isotherms 
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tend to fit the adsorption curve well. Based on the r2 values of fit, the Langmuir isotherm proved 
to be a better fit as compared to the Freundlich isotherm. Also, the constant obtained from the 
Langmuir isotherm (Bmax) gives information about the maximum adsorption capacity of the soil. 
Both one site and two site Langmuir adsorption isotherms models have similar r2 value indicating 
that both the isotherms are equally successful in describing the adsorption phenomenon. 
However, when considering the standard error of estimate, there is less error in fitting the 
sorption isotherm by Langmuir one-site equation. This suggests that there is no adsorption 
occurring on more than one energy binding level. There was also no statistical difference in Bmax 
for Langmuir one-site and Langmuir two-site isotherms (Table 3.5). The only exception is in the 
case of anaerobic adsorption at 20 ‰ salinity, where for the two-site isotherm, the curve did not 
converge as it assumed a linear form. Even though both the isotherms show the same maximum 
adsorption capacity, the lower order model was preferred over the complex model to explain the 
current situation in a simple manner. Thus, Langmuir one-site adsorption isotherm is the most 
appropriate isotherm model to predict the phosphorus sorption characteristics of the MUS soils.  
3.3.3 Phosphorus Retention Efficiency by Batch Adsorption Studies 
From the batch adsorption study, mean phosphate equilibrium concentration and the 
initial phosphate concentrations were used to determine the mean adsorption removal 
concentrations in the effluent for the aerobic and anaerobic conditions under different ionic 
strengths (Table 3.6 and Table 3.7). Under aerobic conditions, the MUS soils at 2 ‰ salinity 
demonstrated a mean removal efficiency of 53 % and ranged from 29 % to 90 %, over the entire 
range of concentration ranging from 0.5 to 60 mg/L. There was a trend observed indicating lower 
efficiencies at higher initial P concentrations. The mean removal efficiencies at the 10 and 20 ‰ 
were calculated to be 57 % and 54 %, respectively (Table 3.8). On the other hand under 






Figure 3.2: Illustration of Aerobic isotherm curve fitting for the MUS soil equilibrated in 
solutions of (a) 2 ‰, (b) 10 ‰, and (c) 20 ‰. Each data point is the mean of three 







Figure 3.3: Illustration of Anaerobic isotherm curve fitting for the MUS soil equilibrated in 
solutions of (a) 2 ‰, (b) 10 ‰, and (c) 20 ‰. Each data point is a mean of three 





Table 3.4: Measures of r2 and Standard Error of Estimate on the Adsorption Isotherms for 
MUS Soils 




Aerobic 2 ‰ Freundlich 0.980 13.9 
  Temkin 0.753 49.7 
  Langmuir 1 site 0.989 10.5 
  Langmuir 2 site 0.989 12.8 
        
10 ‰ Freundlich 0.963 18.7 
  Temkin 0.814 41.9 
  Langmuir 1 site 0.983 12.7 
  Langmuir 2 site 0.983 15.6 
        
20 ‰ Freundlich 0.989 12.1 
  Temkin 0.768 55.1 
  Langmuir 1 site 0.991 10.9 
  Langmuir 2 site 0.991 13.4 
        
Anaerobic 2 ‰  Freundlich 0.981 14.9 
  Temkin 0.751 54.3 
  Langmuir 1 site 0.990 10.7 
  Langmuir 2 site 0.990 13.2 
        
10 ‰ Freundlich 0.963 20.4 
  Temkin 0.776 49.9 
  Langmuir 1 site 0.983 13.7 
  Langmuir 2 site 0.983 16.8 
        
20 ‰ Freundlich 0.992 12.2 
  Temkin 0.725 71.8 
  Langmuir 1 site 0.987 15.4 
  Langmuir 2 site 0.995 18.1 
 
   Table 3.5: Maximum Adsorption Capacity from Langmuir One-site and Two-site Adsorption 
Isotherms Models for the MUS Soils 
                                             Langmuir isotherm 
Redox Salinity One-site Two site 
Treatment (‰) Bmax(mg/kg) Bmax1(mg/kg) Bmax2(mg/kg) Bmax(mg/kg) 
Aerobic 2 407 182 225 407 
10 331 150 181 331 
20 585 263 322 585 
Anaerobic 2 489 217 272 489 
10 361 165 196 361 
20 646 --- --- --- 
    --- = Did not converge 
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ranging from 32 to 92 % (Table 3.9) over the entire range of 0.5 to 60 mg/L initial 
concentrations. For soils at 10 ‰ salinity, the efficiencies ranged from 28.6% to 91.6% with a 
mean removal of 61 % efficiency. The highest salinity of 20 ‰ showed an average of 63% of 
removal efficiency recording a minimum and maximum of 44.7% and 86.1 % respectively. Thus, 
it can be seen that, anaerobic conditions are slightly more conducive to adsorb phosphorus as 
compared to the aerobic conditions. This is due to the fact that reduced surface have higher 
number of adsorption sites (Reddy et al, 2008). Even though reduced condition increases the 
sorption sites, large numbers of sites have a lower binding energy for phosphate than do the 
smaller number of sites available in the aerobic soil. Thus, reduced soil will adsorb more phosphorus 
with a low bonding energy, whereas oxidized soil will adsorb less phosphorus but holds what is adsorbs 
more tightly. Although reduction may create a larger surface area for sorption of phosphorus, the binding 
energy associated with phosphorus adsorption is low, and the desorption potential is high (Patrick and 
Khalid, 1974). 
Table 3.6: Mean and Standard Deviation of the Equilibrium Concentration for the Aerobic 
Adsorption Study at Varying Salinity Conducted for the MUS Soils. 
Initial  Mean Ceq,(mg/L) (Standard Deviation) 
Concentration Salinity(‰) 
mg/L 2 10 20 
0.5 0.051 0.082 0.122 
(0.002) (0.001) (0.006) 
1 0.433 0.176 0.228 
(0.013) (0.014) (0.009) 
3 0.964 0.880 1.033 
(0.021) (0.007) (0.032) 
5 2.03 1.86 2.29 
(0.067) (0.019) (0.047) 
10 6.24 5.634 6.11 
(0.158) (0.146) (0.515) 
20 10.6 10.1 10.53 
(0.256) (0.645) (0.410) 
40 24.6 24.3 24.5 
(0.265) (0.682) (0.409) 
60 42.6 45.2 39.3 
(0.544) (0.665) (0.853) 
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Table 3.7: Mean and Standard Deviation of the Equilibrium Concentration for the Anaerobic 
Adsorption Study at Varying Salinity Conducted for the MUS Soils 
Initial  Mean Ceq,(mg/L) and (Standard Deviation) 
Concentration Salinity(‰) 
mg/L 2 10 20 
0.5 0.050 0.042 0.07 
(0.02) (0.008) (0.012) 
1 0.311 0.112 0.171 
(0.068) (0.011) (0.01) 
3 0.863 0.754 0.709 
(0.085) (0.037) (0.03) 
5 1.73 1.83 1.78 
(0.027) (0.027) (0.08) 
10 5.60 4.92 5.03 
(0.141) (0.33) (0.09) 
20 10.1 10.4 9.81 
(0.616) (1.10) (0.149) 
40 22.4 22.6 22.1 
(0.654) (0.335) (2.574) 
60 40.9 42.9 32.1 
(0.139) (1.70) (0.624) 
 
Table 3.8: Adsorption Removal Concentrations and Percentage Efficiency under Aerobic 
Conditions for the MUS Soils 
Initial  Mean Removal Conc., mg/L and (%) Efficiency 
Concentration Salinities (‰) 
mg/L 2 10 20 
0.5 0.45 0.42 0.38 
(89.8) (83.5) (75.7) 
1 0.57 0.82 0.77 
(56.7) (82.4) (77.2) 
3 2.34 2.12 1.97 
(67.9) (70.7) (65.6) 
5 2.97 3.14 2.71 
(59.4) (62.7) (54.3) 
10 3.76 4.37 3.89 
(37.6) (43.7) (38.9) 
20 9.4 9.93 9.47 
(47.0) (49.6) (47.4) 
40 15.4 15.7 15.5 
(38.5) (39.2) (38.8) 
60 17.5 14.8 20.7 
(29.1) (24.6) (34.5) 
Mean + Std. Err 53.3+2.45 57.1+2.66 54.1+1.99
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Table 3.9: Adsorption Removal Concentrations and Percentage Efficiency under Anaerobic 
Conditions for the MUS Soils 
Initial  Mean Removal Conc., mg/L and (%) Efficiency 
Concentration Salinities (‰) 
mg/L 2 10 20 
0.5 0.461 0.46 0.43 
(92.1) (91.6) (86.1) 
1 0.69 0.89 0.83 
(69.0) (88.8) (82.9) 
3 2.14 2.25 2.29 
(71.2) (74.9) (76.3) 
5 3.27 3.17 3.22 
(65.4) (63.4) (64.5) 
10 4.40 5.08 4.97 
(44.0) (50.8) (49.7) 
20 9.93 9.62 10.2 
(49.6) (48.1) (50.9) 
40 17.6 17.4 17.9 
(43.9) (43.6) (44.7) 
60 19.0 17.1 28.1 
(31.7) (28.6) (46.6) 
Mean + Std. Err 58.4 + 2.44 61.2 + 2.81 62.7 + 1.99
3.3.4 Influence of Redox (Aerobic and Anaerobic) Conditions and Salinity on Sorption    
Mechanism 
Ideally, the aerobic conditions are more conducive to sorbing higher amount of 
phosphorus than anaerobic conditions (Pant et al., 2001). This is due to the fact that, even though 
there is increased amount of adsorption under anaerobic conditions, the reduced soil surface has 
low a bonding energy. Thus, the soil is capable of holding higher amount of phosphorus 
considering the overall sorption (adsorption - desorption) phenomenon. As observed from data 
(Table 3.10), the average anaerobic sorption over salinities (2, 10 and 20‰) for all the 
concentrations, is about 13% more than the aerobic sorption. This is contradicting to the basic 
principle of P sorption under aerobic and anaerobic conditions. This can be explained by the 
presence of large concentrations of iron and aluminum as well as calcium and magnesium ions 




Table 3.10: Amount of P Retained for the MUS Soils under Aerobic and Anaerobic Conditions 
         P, mg/kg retained*  
Salinity Influent P Aerobic Anaerobic 
‰ mg/ L 
2 60 241 254 
40 199 224 
20 132 142 
10 70.7 82.9 
5 52.0 61.1 
3 44.0 51.2 
1 28.6 34.1 
0.5 27.0 30.6 
10 60 222 219 
40 208 231 
20 140 146 
10 78.9 89.3 
5 61.6 66.8 
3 51.4 56.0 
1 37.7 41.6 
0.5 33.8 36.7 
20 60 266 319 
40 200 229 
20 131 150 
10 64.6 86.6 
5 48.4 61.9 
3 38.3 51.8 
1 26.4 35.6 
0.5 22.2 30.7 
   * = Total P concentration retained, includes the initial P (S0) concentration present in the soil 
The mean surface redox potential was observed to be 37.01 ± 100.36 mV and the mean 
subsurface redox potential was measured to be -118.39 ± 99.51 mV (Chapter 2; Section 2.3.1). 
Redox potentials below +120 mV cause the reduction of Fe3+ to Fe2+, releasing associated P 
(Faulkner and Richardson, 1989). Thus, more or less the entire MUS falls under the anaerobic 
zone as far as the phosphorus treatment is concerned. Under the anaerobic conditions, the soil 
adsorbs more phosphorus owing to the increased number of available sorption sites (Reddy et al., 
2008). But, at the same time, all the phosphorus that is adsorbed to the iron is released back to 
the soil owing to the low bonding energies of the sorption sites and the conversion of ferric iron 
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to ferrous (Patrick and Khalid, 1974). The phosphorus that is released by iron reduction is likely 
to be taken up by the high concentration of calcium ions present in the soil (Table 3.3) and 
precipitated as various forms of calcium phosphates. This may be the reason, that even though 
high amount of desorption must be occurring in the soil under anaerobic conditions, all the 
desorbed phosphorus is not detected by the batch adsorption study which is likely to be forming 
additional chemical associations in the soil. This precipitation must be a very quick and 
simultaneous process along with sorption. This holds a high possibility because the MUS soil 
conditions are favorable for quick precipitation and dissolution owing to low redox conditions 
and near-neutral to alkaline pH conditions. Thus, it is suggested that sorption is not the only 
mechanism involved in retention of phosphorus in the MUS soils. Precipitation is the other 
mechanism other than sorption, which dominates the phosphorus retention in the MUS soils. 
Under these pH and redox conditions, phosphorus is more likely to be associated with calcium 
and magnesium, as Fe reduction leads to release of P. 
There seems to be a difference in the maximum adsorption capacity based on the ionic 
strength and redox conditions of the soil. To test this hypothesis, each replicate sample was used 
to fit the separate one-site Langmuir isotherms for each salinity and P concentration. Individual 
maximum sorption capacities were calculated and then tested statistically against each other to 
detect any differences (Table 3.11). Significant differences (p<0.0001) were observed between 
the soil and salinity interactions in terms of maximum adsorption capacity of the soil for aerobic 
and anaerobic treatments both (Table 3.11). An average approximate decrease of 22% and 19% 
in Bmax was observed with the increase in salinity from 2‰ to 10‰ for the aerobic and anaerobic 
conditions respectively. This is because, with the increase in salinity more cations that make up 
the saltwater compete for the sorption sites and thus, there are less phosphorus sorption sites 
available (Birdie, 2008). But, contradicting to this principle, there was an unexpected average 
increase of 82% and 70% in Bmax with the increase in salinity from 10‰ to 20‰, for aerobic and 
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anaerobic conditions respectively. This was observed consistently for aerobic and anaerobic 
treatments both. This lays a scope for future study to determine the factors affecting the 
chemistry of cations and phosphorus which are responsible for such a behavior of soil-salinity 
interaction. 
Table 3.11: Comparison of Bmax for Individual Replicates of Each Salinity and Redox Treatment 
for the MUS Soils 
 Salinity Anaerobic  Aerobic  
Replicate (‰) Bmax r
2 Letter* Bmax r
2 Letter*
1 2 466 .992 a 450 .991 d 
2 2 483 .991 a 413 .987 d 
3 2 487 .989 a 406 .988 d 
1 10 358 .981 b 320 .981 e 
2 10 391 .987 b 334 .982 e 
3 10 409 .981 b 330 .980 e 
1 20 705 .978 c 560 .993 f 
2 20 616 .995 c 650 .989 f 
3 20 642 .982 c 582 .987 f 
* = Observations with the different letters are significantly different from each other; the statistical difference 
is measured on the Bmax values only. 
 
Based on the statistical comparison there was significant difference observed amongst the 
aerobic and anaerobic treatments for the soil at each salinity (p ~ 0.02), anaerobic treatment 
being significantly higher in terms of adsorption capacity as compared to aerobic treatment. As 
discussed earlier, this is due to the fact that there are more adsorption sites in the reduced 
environment at the lower bonding energy levels (Reddy et al., 2008).  
3.4 Conclusions 
 From the four different isotherm models used to fit the phosphorus sorption data, the 
Langmuir one-site isotherm model was the most successful in predicting the actual mechanism. 
Based on the curve, the maximum sorption capacity of the adsorption was determined for three 
different salinities. The ionic strength (0.11M, 0.68M and 1.18M) represented as salinity (2, 10 
and 20 ‰ respectively) was found to have a significant impact on the maximum sorption 
67 
 
capacity of the MUS soils. Also, a significant difference (p ~ 0.02) was found on the maximum 
sorption capacity based on the two different redox conditions (aerobic and anaerobic) at each 
salinity. Considering MUS as potentially an anaerobic system, a minimum of 361 mg-P/ kg soil 
and a maximum of 646 mg P/kg soil was determined as the maximum adsorption capacity of the 
MUS soils, under the anaerobic conditions. An average approximate decrease of 22% and 19% 
in Bmax was observed with the increase in salinity from 2‰ to 10‰ for the aerobic and anaerobic 
conditions respectively, owing to the increased number of cations that compete with phosphorus 
to take up the sorption sites, because of the increase in salinity. However, contradictory to this 
principle, there was an unexpected average increase of 82% and 70 % in Bmax with the increase 
in salinity from 10‰ to 20‰, for aerobic and anaerobic conditions respectively. This pattern was 
observed consistently for aerobic and anaerobic treatments both. This lays a scope for future 
study to determine the factors affecting the chemistry of cations and phosphorus which are 
responsible for such a behavior of soil-salinity interaction. Based on the high concentrations of 
iron, aluminum, calcium and magnesium ions present in the soil, it is likely that sorption is not 
the only mechanism involved in the retention of phosphorus by the MUS soils. Under aerobic 
conditions, much of the phosphorus which was associated with the ferric iron was released back 
to the soil matrix in the sub-surface layers under the anaerobic conditions. This is because of 
conversion of ferric iron to ferrous iron. This phosphorus released is likely to be precipitated by 
the calcium ions present in the soil and converted to several stable forms of calcium phosphates. 
This process was facilitated by the low redox conditions as well as the near neutral and alkaline 
soil pH conditions, which favors high dissolution of the phosphorus by the calcium ions. Thus, 





Chapter 4: Development of the Phosphorus Longevity Parameter to Predict the Service 
Life of the Marshland Upwelling System 
4.1 Introduction 
  Coastal wetlands consist of salt marshes which are located at the mouths of rivers on 
coasts; coastal fresh marshes just inland of salt marshes; forested floodplains near the mouths of 
rivers; tideflats; mangrove swamps; and river deltas. These coastal wetland areas are of great 
significance as they are major sources of economic, ecologic, and aesthetic value. Currently, 
coastal waters are one of the largest contributors of GDP (58%), 54% of the employment and 
housing 53% of the total population (NOAA, 2008). By the year 2005, the coastal population in 
the United States reached 166 million (NOAA, 2002). The disproportionately high concentration 
of population in the coastal area in the U.S. can be attributed to abundant valuable resources. 
While such development has contributed to economic growth, it has also damaged sensitive 
ecosystems. Nutrient enrichment is directly responsible for over half of these impairments. The 
prime nutrients responsible for eutrophication are nitrogen and phosphorus. Nitrogen and 
phosphorus, in the right proportions, result in a productive ecosystem eutrophication. If the 
concentrations of nitrogen and phosphorus are more than the required amount, then a 
hypereutrophication occurs. The National Water Quality Inventory, in its report to Congress in 
1996, declared that nutrients have been found to be the leading cause of impairment to the 
coastal waters (USAEPA, 1998a). Nutrients act as a common fertilizer in an aquatic ecosystem, 
and when saturated above the assimilative capacity of these two nutrients, the result is 
overgrowth of plants and aquatic phytoplankton.  
Fifty percent of Louisiana’s economy was dependant on its coastal parishes in 2004 
according to the National Ocean Economics Project (NOEP). In the 2004, Clean Water Act 
305(b), report an assessment of 52 estuaries revealed that 35% of the total estuaries were not 
well suited and sufficiently healthy systems for fish and wildlife propagation (LDEQ, 2004). 
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This report further noted nitrogen and phosphorus as responsible for the impairment of 769 km2 
of estuaries (LDEQ, 2004). Oyster propagation also experienced a 46% harvest reduction in 
Louisiana estuaries (NOAA, 1997). Nutrient pollution has impacted the valuable fisheries 
resource in Louisiana. These impacts can be largely attributed to coastal camps in these regions 
of Louisiana, which often have faulty or inadequate onsite wastewater systems. There are 
thousands of recreational camps in coastal Louisiana which are located in isolated and rural areas 
proximal to rivers, wetlands, and coastal ocean. In the rural/low density areas, coastal residents 
are often uneducated about proper waste disposal and treatment practices, making it relatively 
common to find entire communities without adequate wastewater treatment. These camps lack 
sewer systems and are believed to have soil conditions that are not optimum for treatment of 
household wastes by means of septic tanks or other conventional gravity systems. The concept 
behind the septic tanks relies on the ability of the soil to absorb the applied wastewater. 
However, this is not practical the coastal regions owing to the high water tables and flooding. 
The limitation created by the saturated soils, sporadic dwelling use and high treatment system 
maintenance has inhibited septic and mechanical plants from functioning properly (Ache and 
Wenger, 1999).Therefore untreated sewage is being discharged directly in to receiving waters. 
Traditionally, at many camp locations, owners have simply discharged untreated household 
wastes into a nearby canal, bayou or marsh surface without any treatment. Even for the existing 
adequate wastewater at the camp sites, most of them are designed only for the primary and 
secondary treatment mechanisms, without any considerations for the tertiary treatment which 
would reduce the nutrient load from the effluent wastewater that is being discharged to the water 
bodies.  
The Marshland Upwelling System (MUS) was developed as an alternative onsite 
wastewater treatment system for coastal regions and was designed to operate in fully saturated, 
anaerobic subsurface environments. The MUS uses a combination of existing sand/soil matrix 
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and saline groundwater of native marshes/wetlands to create an upflow filter capable of 
removing organic matter, fecal pathogens, and nutrients. The upflow filter is generated when 
wastewater is pumped down an injection well, introducing a freshwater plume into the non-
potable saline groundwater. The density difference between the fresh wastewater and saline 
groundwater forces the wastewater plume upwards through the sand/soil matrix (Stremlau, 1994; 
Watson Jr. and Rusch, 2002; Richardson et al., 2004). This phenomenon induces lateral and 
longitudinal dispersion, thus increasing the trajectory distances and prolonging the exposure of 
the wastewater to the physical, biological and chemical processes that work in concert to treat the 
wastewater. Besides reducing the concentration of bacterial pathogens and oxygen consuming 
organic matter (Richardson and Rusch, 2005; Watson Jr. and Rusch 2002; Addo, 2004), this 
technology may facilitate an overall mass reduction in nitrogen and retention of phosphorus, thus 
reducing the load on surface waters. Originally the MUS was designed to operate in regions with 
high saline pore water. Researchers (Richardson and Rusch, 2005; Richardson et al., 2004; 
Fontenot, 2003; Watson Jr. and Rusch, 2002; 2001; Stremlau, 1994) have demonstrated MUS 
efficiency in treating bacteria and nitrogen under high background salinity conditions (~35 ppt) 
conditions. However, Addo (2004) showed the MUS to be efficient at removing bacteria in low 
salinities (<10 ppt). Thus, the MUS also provides the tertiary treatment of the wastewater in 
addition to the primary and secondary treatment, as compared to the other conventional systems 
which do not provide the tertiary treatment. 
Previous studies (Evans, 2007) suggests that the MUS has shown phosphorus saturation 
trends with the time, relative to varying vector distances from the wastewater injection well. The 
fact that the MUS soils have saturation potential means that there is a finite treatment capacity 
for the soils. Thus, there is a finite service life for the MUS to retain phosphorus from the 
injected wastewater. Thus, the goal of this study is to develop a relationship parameter that can 
be used to predict the service life of a MUS.  
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4.2. Materials and Methodology 
4.2.1 Development of a Phosphorus Longevity Parameter 
 The development of a phosphorus longevity parameter (LT) will facilitate estimation of 
the service life of the MUS with respect to phosphorus retention. Several factors and processes 
affect the phosphorus saturation rate in the wetlands; physical soil characteristics, pH, bulk 
density, salinity, the redox conditions (Eh), influent phosphorus flux rate and the volume of soil 
matrix available for treatment. Sorption is one of the most dominant mechanisms of phosphorus 
retention in the wetland soils which mainly depends on the soil physical characteristics. Sorption 
characteristics are also highly dependent on the redox conditions (aerobic and anaerobic) (Reddy 
and DeLaune, 2008). This is because, under anaerobic conditions, higher desorption is expected 
owing to the lower bonding energy of the sorption sites. This results in the higher overall 
phosphorus sorption potential under aerobic conditions. The pH of the soil and the pore-water is 
also an important factor responsible for the behavior of the ligand exchange and cation binding 
with phosphorus. Depending on the type of cations present in the soil, under acidic pH 
conditions, phosphorus binds with iron and aluminum. Under the alkaline pH conditions, the 
association of phosphorus with calcium and magnesium is more favorable (Reddy and DeLaune, 
2008). Bulk density of the soil also affects the time to saturate the soil with phosphorus (Evans et 
al., 2005) as with the increase in bulk density, the sorption rate decreases. Sorption kinetics also 
depend on the pore-water ionic strength as with the increase in the salt and multi-valent cation 
concentration the maximum phosphorus sorption capacity of the soil reduces owing to the 
cations competing for the sorption sites. The time taken to saturate the MUS soils also depends 
on the influent phosphorus flux which constitutes of the hydraulic loading rate and influent P 
concentration. This is because, with the increase in the flux the longevity of the system reduces 
as more and more nutrients will be flushed out of the system before being subjected and treated 
by the biogeochemical processes of the wetlands.  
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For the soil physical characteristics, the relative percent sand, silt, and clay values were 
determined using sieve (ASTM C117, C136) and hydrometer analyses (ASTM D422). The 
median grain size diameter (d50) and uniformity coefficient (d60/d10) were also calculated using 
methods recommended by the ASTM (ASTM, 1995). Presence of several cations is also one of 
the important factors affecting the sorption and precipitation mechanisms. Thus, total cations in 
the soil samples were measured using inductively coupled plasma atomic emission spectroscopy 
(ICPAES), to estimate the cations type and concentration that affects the phosphorus sorption 
and precipitation occurring in the soil matrix due to the soil and wastewater interaction. All the 
factors discussed above, contribute to the maximum phosphorus concentration termed as 
effective concentration (EC) (mg/kg). EC is the effective maximum phosphorus concentration that 
can be retained by the soil under particular soil and pore-water conditions in the MUS. The 
generic form of the longevity parameter (LT) can be developed by the following analyses 
combining the effect of the above mentioned parameters (Equation 3.1and Equation 3.2). 
                     EC x IS x B x pH x B IS x E ε         4.1  
where, x1, x2, x3, x4 and x5 are the parameters of estimation and ε is error the term.  
                                               LT
EC 
P   Q
BD V 1000                                                  (4.2) 
where, LT – Longevity parameter (d), EC – Longevity concentration (mg/kg), Pi – Influent 
phosphorus concentration (mg/L), Q – Wastewater hydraulic loading rate (L/d), BD – Bulk 
density (g/cm3), V – volume of the soil (m3).  
 
 To calculate and assess the longevity, column studies were performed to simulate the site 
conditions in the laboratory. Data from the column studies was used to determine the longevity 
parameter. This data was then extrapolated to the field conditions using the actual influent 
hydraulic loading rates, soil volume and the soil bulk density. To validate the longevity 
parameter, the data from a previous study conducted on the MUS (Evans, 2005) was referred. 
Evans,(2005) showed that MUS depicts a phosphorus saturation trend from the effluent samples 
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collected from the monitoring wells on-site at Bayou Segnette, Louisiana. The field conditions 
presented in the Evans’ thesis is the practical exemplification of the column studies performed in 
laboratory to develop the longevity parameter. Thus, the longevity parameter can be validated if 
the Equation 4.2 can be used to predict the saturation time close to the saturation time evaluated 
in the study conducted by Evans, (2005).  
4.2.2 Column Study and Setup 
Columns were constructed from 15 cm diameter PVC pipe.  Four columns were made 
from clear PVC pipe to allow for viewing of soil, but were covered with aluminum foil to 
prevent light from entering the subsurface.  Each column had a distribution plate placed in a cap 
that allowed for incoming wastewater to flow into the bottom of the column evenly.  Sampling 
ports were installed at 8, 34, 58, and 84 centimeters below the surface of the soil.  Septa, to allow 
for the reading of redox were installed at the same depths on the opposite side of the columns. 
Small pieces of platinum wire (2.5 cm) were inserted above the distribution plates into septa to 
allow redox potential readings to take place within the subsurface.  The bottoms of the columns 
were filled with 7.5 cm of gravel and 7.5 cm of sand.  Soil collected from a salt marsh in Port 
Fourchon, LA was then homogenized, sterilized and placed at the bottom layers in each columns.  
Soil containing a higher amount of organic matter was collected from a salt marsh in Port 
Fourchon, LA and an intermediate marsh near Westwego, LA and placed in the top layer of 15 
cm to bring the total soil height to 84 cm.  Salt and fresh water was flushed through the columns 
to bring them to the appropriate salinity for their respective treatments.  The columns were then 
inoculated with microorganisms from the appropriate marsh salinity.  Microorganisms were 
extracted from the soil following the procedure by Riis, et al., (1998) only to step one.  After 
centrifugation, the microorganisms were resuspended in the 0.2% Na2P2O7 solution and injected 
into the bottom four sampling ports.  Columns receiving the planted treatment were planted with 
Paspalum vaginatum and Spartina alterniflora according to their native salinities, 2 and 20‰, 
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respectively.  An inert plastic mesh was placed at the interface between the main soil and higher 
organic matter soil at 15 cm to prevent roots from growing below that depth.   
The phosphorus retention capability of the marshland upwelling system under low and 
high background salinity conditions was studied in the laboratory using a set of 15 cm diameter 
columns. Treatment was evaluated under two salinities, 2 and 20‰, with two nitrogen 
combinations, 100 mg NH4
+-N /L and 80 mg NH4
+-N /L + 20 mg NO3
- -N /L (abbreviated as A 
and N, respectively) in 2 sets. Each set of columns also had a fresh and saltwater column which 
depicts the baseline for treatment comparison. Each set had a replicate of salt and freshwater 
treatments (A and N) in addition to the salt and freshwater controls. This treatment combination 
was replicated to make another set comprising of a total of 20 set-column study.  For a total of 20 
columns all wastewater treated columns received 15 mg/L PO4
-3-P. Standard artificial 
wastewater was made up (ASTM, 2006) with the following amendments: salt, nitrogen, and 
phosphorus levels were increased to the desired concentrations, kaolin was not added, a 
supplement containing trace nutrients was added, and the amount of beer was decreased from 6% 
to 1%.  The amount of beer was decreased because initial tests found the dissolved organic 
carbon (DOC) level to be too high.  The salt used was made up using individual components 
(Table 4.1) as opposed to a pre- made ocean salt mix because initial tests found the sulfide levels  
      Table 4.1:  Concentrations of Salts Used in Saltwater Mixture for the MUS Column Study. 











MgCl2•6H2O -----------0.62------------ -----------6.25---------- 
CaCl2•2H2O -----------0.09------------ -----------0.85---------- 
KCl -----------0.04------------ -----------0.29---------- 
NaCl 0.62 0.20 16.0 15.8 
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to be extremely high  in some columns (22 mM S-2 in one column), to the point that it was toxic 
to the plants. Koch and Mendelssohn (1989) found that just 1 mM S2- significantly decreased the 
growth of two marsh plants (Spartina alterniflora and Spartina patens).  Field studies have 
shown very little sulfide exists within the MUS wastewater plume, so the decision to reduce 
sulfur levels to 0.1 (20‰) and 0.01 mM S2- (2‰) was made. 
Two liters of wastewater were pumped into the bottom of each soil column every other 
day, resulting in approximate flowrate of 0.7 mL/min, which was equal to a complete turnover of 
the column every eight days.  Wastewater was sub-sampled and characterized at every addition 
(every two days) and porewater samples were collected from each sampling part on days 0, 5, 
14, and every 14 days thereafter for a total of 70 days.  Salinity, pH, and temperature of samples 
were measured at time of collection.  Redox potential was also measured on the collection day 
using a SCE reference electrode along with the platinum wire inserted into through the septa. 
Surface redox potential was measured using a platinum electrode inserted into the soil to a depth 
of 5 cm.  All redox measurements (Ec) were corrected to a standard hydrogen reference electrode 
and expressed as Eh (mV).  Samples were filtered (0.45 m) and measured for soluble reactive 
phosphorus (SRP), total phosphorus (TP), and dissolved organic carbon (DOC). Samples were 
stored at 4C and preserved to pH < 2 for all analyses.  
4.3 Results and Discussion 
4.3.1 Soil Characteristics 
Relative percent sand, silt, and clay values were determined using sieve (ASTM C117, 
C136) and hydrometer analyses (ASTM D422) (Table 4.2). The median grain size diameter (d50) 
and uniformity coefficient (d60/d10) were also calculated using methods recommended by the 
ASTM (ASTM, 1995). The clay content of the soil was 4.95% and the silt content was 
determined to be 18.2%. The clay type was found to be anorthite.  
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Table 4.2: Physical Characterization for the MUS Soil Used in the Column Study 
















Total cations in the soil samples were measured using inductively coupled plasma atomic 
emission spectroscopy (ICPAES) (Table 4.3). Iron and aluminum were found to have the 
maximum cation concentration followed by calcium and magnesium. These cations play a 
significant role in retention of phosphorus in the wetland soils by means of sorption and 
precipitation depending on the aerobic and anaerobic conditions. 
Table 4.3: The Cation Concentration in the MUS Soil Used in the Experimental Column Study 
 
Element Column Wetland Soil Typical Soil Concentrations* Typical Range* 
                  mg/kg mg/kg   mg/kg 
Al 8,400 ± 260 71,000 10,000 - 300,000 
As 1.54 ± 0.18 5 1 - 50 
Ba 164 ± 8.80 430 100 - 3,000 
Ca 6,600 ± 270 13,700 7,000 - 500,000 
Cd 0.615 ± 0.056 0.06 0.01 - 0.70 
Co 4.48 ± 0.02 8 1 - 40 
Cr 11.81 ± 0.27 100 1 - 1,000 
Cu 3.52 ± 0.21 30 2 - 100 
Fe 9,000 ± 130 38,000 7,000 - 550,000 
K  2,600 ± 60 8,300 400 - 30,000 
Mg 4,700 ± 85 5,000 600 - 6,000 
Mn 140 ± 4 600 20 - 3,000 
Mo 0.13 ± 0.04 2 0.2 - 5 
Na 6,500 ± 210 6,300 750 - 7,500 
Ni 9.80 ± 0.24 40 5 - 500 
P  290 ± 3.8 600 200 - 5,000 
Pb 4.40 ± 0.19 10 2 - 200 
S  1,000 ± 160 700 30 - 10,000 
Si 250 ± 61 320,000 230,000 - 350,000 
V  21.10 ± 0.50 100 20 - 500 
Zn 26.43 ± 0.26 50 10 - 300 




4.3.2 Pore-Water Phosphorus Concentrations 
 The soil pore-water exists in several forms; particulate phosphorus (PP), soluble reactive 
phosphorus (SRP), and the dissolved organic phosphorus (DOP). Combined, these 3 forms 
comprise the pore water total phosphorus (TP). In the column studies carried out for the MUS  
Table 4.4: Total Phosphorus Concentrations of the Column Study Effluent Pore-water Samples 
Salinity Treatment 
Time SA SN FA FN 
(Days) (mg/ L) (mg/ L) (mg/ L) (mg/ L) 
0 0.15 0.06 0.07 0.40 
5 2.66 1.08 0.42 2.16 
14 4.94 3.31 2.07 4.75 
28 5.72 2.22 2.94 4.97 
42 6.18 3.56 4.41 6.45 
56 9.81 8.33 6.74 6.95 
70 8.98 9.13 7.21 6.77 
Table 4.5: Soluble Reactive Phosphorus Concentrations of Column Study Effluent Pore-water 
Samples 
Salinity Treatment 
Time SA SN FA FN 
(Days) (mg/ L) (mg/ L) (mg/ L) (mg/ L) 
0 0.06 bdl bdl 0.37 
5 1.19 0.18 0.19 1.42 
14 2.04 0.33 0.37 4.49 
28 2.86 0.53 0.92 4.27 
42 5.28 1.7 2.33 5.89 
56 9.34 8.15 6.62 6.73 
70 8.76 8.96 7.12 6.73 
bdl = below detection limit 
Table 4.6: Dissolved Organic Phosphorus Concentrations of Column Study Effluent Pore-water 
Samples 
Salinity Treatment 
Time SA SN FA FN 
(days) (mg/ L) (mg/ L) (mg/ L) (mg/ L) 
0 0.10 0.06 0.07 0.03 
5 1.47 0.90 0.23 0.74 
14 2.90 2.98 1.71 0.26 
28 2.87 1.69 2.02 0.70 
42 0.91 1.85 2.09 0.56 
56 0.47 0.18 0.12 0.22 
70 0.22 0.17 0.09 0.04 
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soils, all the pore-water samples were first filtered (0.45 m) and then were used for further 
analysis. This eliminates the component of particulate phosphorus (PP) completely. The pore-
water dissolved phosphorus (DOP) was calculated by the difference of TP and SRP. The total 
phosphorus and soluble reactive phosphorus data (Table 4.4, Table 4.5) show a consistent 
saturation trend for phosphorus in the soil pore-water over the course of time (Figure 4.1). 
Physical and biological processes cause P transfers from one wetland compartment to another. 
Sorption moves P from water to the soil particle surfaces. Chemical precipitation of calcium and 
iron minerals carries P from the water to solids. Oxidative processes are capable of mineralizing 
organic materials containing P and thus releasing P back to the water column. Thus, all the 
phosphorus detected in any of the form (TP, DOP, and SRP) is the result of one of the 
biogeochemical processes occurring in the wetland soil and the pore-water. As discussed earlier, 
MUS soils have a high concentration of Fe, Al, Ca and Mg ions. Also, the soil pH falls under 
near-neutral to alkaline conditions with a consistently low redox potential overall (Chapter 2, 
Section 2.3.1). This indicates an active phosphorus sorption and precipitation phenomenon based 
on the favorable conditions. It can be thus, predicted that MUS soils have a high potential for 
phosphorus retention, which can be justified by the saturation trend observed in the TP values for 
all the treatments over the time. 
Typical range of domestic wastewater is often 4 to 12 mg/L for total phosphorus (Metcalf 
& Eddy, 2003). As mentioned in the section 4.2.2, all wastewater treatment columns received 15 
mg/L P-PO4
3- every alternate day for 10 weeks. The columns seem to approach the saturation 
potential as it can be seen from Figure 4.1. The total phosphorus concentration data points in the 
figure 4.1 were extrapolated to for a longer period of time to get a rough estimate for the time to 
phosphorus saturation. This was done by fitting a curve (Equation 4.3) to the data points of 
Figure 4.1.  
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                                                     TP P   
KP
                                                                          4.3  
where, Pmax is the maximum influent phosphorus concentration (mg/kg), t= time to saturation 
(years), KP= the constant (years), TP = total phosphorus concentration of the pore-water.  
 
Figure 4.1: Plot of total phosphorus concentrations of the effluent pore-water collected from the 
columns against time for the different salinity treatments 
 As stated earlier, columns were designed to receive an influent concentration of 15 mg/L 
P-PO4
3-. The actual average influent concentration of phosphorus that columns received was 
12.87 ± 4.55 mg/L P-PO4
3- over the period of 10 weeks. Based on this constraint of Pmax, the 
curve was fit on the data from Figure 4.1 and the values of the constant Kp were used to 
extrapolate the TP concentration over extended period of time. This indicated that for saltwater 
and freshwater treatments, the average time to phosphorus saturation is roughly in the range of 
1.5 to 2.5 years (Figure 4.2) for the column studies. More precise prediction of time to 
phosphorus saturation was done from the development of the longevity parameter. 
4.3.3 Longevity Parameter 
 As mentioned earlier, the generic form of the longevity parameter depends on soil type 




Figure 4.2: Plot showing approximate prediction of time to phosphorus saturation for MUS 
column study, by fitting the data of effluent pore-water TP concentrations to a time 
saturation curve. 
 
the pH (Equation 4.1 and Equation 4.2). For the MUS column study, as we have only one 
particular soil condition, bulk density and pH of the soil would remain consistent over the 
calculation of the longevity parameter. Thus the only two factors dictating the development of 
the longevity parameter at a particular redox condition are ionic strength and maximum 
adsorption capacity of soil. Maximum adsorption capacity of the soil is dependent on the 
interaction of ionic strength soil characteristics (Table 4.2), and the interaction of soil pH and 
cation concentrations present in the soil (Table 4.3). For the MUS column studies Significant 
differences (p<0.0001) were observed between the soil and salinity interactions in terms of 
maximum adsorption capacity of the soil for aerobic and anaerobic treatments both (Chapter 3, 
Table 3.10). An average approximate decrease of 22% and 19% in Bmax was observed with the 
increase in salinity from 2‰ to 10‰ for the aerobic and anaerobic conditions respectively. This 
is because, with the increase in salinity more cations that make up the saltwater compete for the 
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sorption sites and thus, there are less phosphorus sorption sites available (Birdie, 2008). But, 
contradicting to this principle, there was an unexpected average increase of 82% and 70 % in 
Bmax with the increase in salinity from 10‰ to 20‰, for aerobic and anaerobic conditions 
respectively. This was observed consistently for aerobic and anaerobic treatments both.  
This lays a scope for future study to determine the factors affecting the chemistry of 
cations and phosphorus which are responsible for such a behavior of soil-salinity interaction. 
This interaction also suggests that MUS soils follow a specific trend on adsorption of phosphorus 
with change in salinity (Figure 4.3). Thus, the generic form of effective maximum phosphorus 
concentration can no longer be applied to this study owing to the specific behavior of Bmax with 
changing salinity. A specific relation will be established for this particular study wherein Bmax 
will constitute the maximum effective phosphorus concentration (EC) to be retained by MUS. 
Considering there are only 3 treatment salinities used in this study, there is a limitation to define 
a  precise relationship between the salinity and Bmax. More salinity points would better define 
Bmax as a function (linear, quadratic, parabolic, etc) of salinity. For the current study, for the sake 
of simplicity, a relationship between Bmax and salinity will be established in the form an equation 
of a straight line (Equation 4.4). Based on the sharp change in Bmax with salinity at 10 ‰ (Figure 
4.3), it can serve as a break point of analysis.  
                                                            B a m b                                                                  (4.4) 
This relation is established for the ionic strength from 2 to 10 ‰ and for ionic strength 
greater than 10 ‰ for aerobic and anaerobic conditions separately to define a distinct 
relationship between the redox treatments (Table 4.5).  
Based on the constants and the values of slope (Table 4.7), different values of the 
maximum adsorption capacity (Bmax) can be obtained for different salinities over the range of 2 
to 20 ‰. Thus for this particular study of MUS, the longevity parameter takes a more specific 




Figure 4.3: Plot showing the maximum adsorption capacity of the MUS soils against the varying 
salinity 
Table 4.7: Slope and Constants for the Equation of a Straight Line Over the Varying Salinity 
and Redox Treatments, Defining a Relationship Between the Salinity and Bmax 
Ionic Strength (‰) a Slope(m) 
                       Aerobic treatment 
< 10 426 -9.50 
≥ 10 - 20 77.0 25.4 
                       Anaerobic Treatment  
< 10 521 -16.0 
≥ 10 - 20 76.0 28.5 
site maximum adsorption capacity factor Bmax (Chapter 3; Table 3.5), hydraulic loading, and dry 
bulk densities were used in estimating the time for MUS soils to reach saturation (Table 4.8). 
The laboratory studies indicate that the average bulk density for the soil used in the column 
studies is 1.15 g/cm3 (Chapter 2; Section 2.3.1). Saturation time of treatment wetlands is 
generally considered over a specified surface area, which is acceptable for surface flow treatment 
wetlands. However, basing time to saturation on a volume basis is a more appropriate method of 
determining this time to saturation for subsurface flow treatment wetlands such as the MUS. 
Thus, 0.7 mL min-1 hydraulic loading rate and 12.87 mg/L P-PO4
3- influent concentration of 
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phosphorus was considered (Section 4.2.3 and Section 4.3.2). Based on the soil depth and 15 cm 
diameter of the column, the soil volume was considered accordingly to estimate the time to 
phosphorus saturation for the column study (Table 4.8).  
 Column studies thus indicate that under aerobic conditions; soil would take a minimum 
of 1.2 years and maximum of 2.2 years at 10‰ and 20 ‰ respectively, to saturate the influent 
phosphorus concentration of 12.87 mg/L. Compared to that; under anaerobic conditions would 
be effective for treatment for a minimum of 1.3 and a maximum of 2.4 years for the same 
influent hydraulic loading and phosphorus concentrations. These, values just provide an 
indication of the extent of treatment by the column studies. 
Table 4.8: Estimated Phosphorus Saturation Time for Each of the Soil Samples at Varying 
Salinities. (The Estimated Time to Saturation was Based on an Influent Concentration 
of 12.87 mg-P/L) 
Salinity 
(‰) 
Langmuir One-site Bmax 
(mg P/kg soil)* 
Phosphorus saturation time(years) 
at 0.7 mL/min hydraulic loading 
rate 
Aerobic condition 
2 407 1.5 
10 331 1.2 
20 585 2.2 
Anaerobic condition 
2 489 1.8 
10 361 1.3 
20 646 2.4 
* – data adopted from Chapter 3, Table 3.5. 
Compared to the range of 1.5 to 2.5 years, as depicted from the approximate estimation of 
time to saturation (Figure 4.2), the longevity calculations by LT for the column study, provide a 
pretty close match to those values. As majority of the column study is potentially anaerobic 
system, it can be seen that the time to saturate the phosphorus in the column-study is in the range 
of 1.3 to 2.4 years over the range of freshwater and saltwater salinity conditions. This is a good 
validation of the longevity parameter (LT).  
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To estimate the field treatment capacity (Table 4.9), actual site conditions for the several 
factors affecting the time to phosphorus saturation were considered. A representative of actual 
field soil volume of 500 m3 was used to estimate the phosphorus saturation time. Bulk densities 
of organic soils are in the range of 0.05 to 0.10 g/cm3  and mineral soils are in the range of 1.2 to 
1.7 g/cm3 (USDA, 1983). The laboratory studies showed an average bulk density of 1.15 g/cm3, 
and the weighted average of the bulk density for the soil cores taken from MUS site at Bayou 
Segnette was 0.92 g/cm3. Based on the operational hydraulic loading rates for the MUS at Bayou 
Segnette, high (2016 L/d) and low (1008 L/d) loading rates were used for an influent phosphorus 
concentration of 15 mg/L to determine the time to saturate 500 m3 of soil. Thus, for the actual 
site conditions which is potentially anaerobic in nature, the longevity parameter (LT) estimates a 
Table 4.9: Estimated Phosphorus Saturation Time for Each of the Soil Samples at Varying 
Salinities. (The Estimated Time to Saturation was based on a Substrate Volume of 500 





(mg P/kg soil) 
Phosphorus saturation time(y) at varying 
hydraulic loading rate 
 
                 (1008 L/d)                        (2016 L/d) 
Aerobic condition 
2 407 33.9 17.0 
10 331 27.6 13.8 
20 585 48.8 24.4 
Anaerobic condition 
2 489 40.8 20.4 
10 361 30.1 15.0 
20 646 53.8 26.9 
minimum of 15 and maximum of 26.9 years as the effective service life of the MUS at the 
highest hydraulic loading rate of 2016 L/d. To validate this study, data from the past study on 
MUS (Evans, 2005) was used.  
In the study conducted by Evans (2005), after injection of the wastewater into the soil, 
the effluent samples were collected from the monitoring wells which were at a varying vector 
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distances of 0.96, 1.55, 1.78, 3.05, 4.58, and 6.28 m. It also showed that, as adsorptive sites had 
already begun saturating, evidence of saturation first began early (December 1, 2003) in the 1.9 
L/min (15 min/hr) study when the phosphorus concentrations at the 0.96 and 1.55 m vector 
 
Figure 4.4: Orthophosphate concentration trends at varying vector distances from the injection 
well for the filed study in MUS (Evans, 2005) 
distance became overlapped (Figure 4.4). Further illustrated in Figure 4.4 was that the 1.78 m 
vector distance appeared to become saturated late (February 9, 2004) in the 1.9 L/min (15 
min/hr) study. Evans (2005) carried out the assessment of MUS longevity using an influent 
phosphorus concentration of 12.4 ± 3.3 mg/L, 1.9 L/min (15 min/hr) loading rate, 1.59 g/cm3 of 
soil bulk density, and considering symmetrical cylindrical plume pattern of wastewater traverse 
with increasing vector distances and 4.0 m as the fixed cylindrical height. Because of the 
injection of the freshwater plume in the MUS, it influenced the salinity concentrations for the 
inner wells (4.6 m depth) for which a background concentration of 7.3 ‰ had been established. 
Regression analysis concluded that saturation had been achieved within the monitoring wells for 
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the inner 1.55 m vector distance after 16 months of operation. After 23 months of operation and 
upon conclusion of the final study this saturation zone had been extended out to 1.78 m. 
Thus, to validate the calculations of longevity parameter (LT), all the conditions used by 
Evans (2005) were taken into account and the Bmax was calculated for a low salinity of 7.3 ‰, by 
Equation 4.3. These values were used to predict the time to saturation (Table 4.10) by using the 
longevity parameter (LT) (Equation 4.2). For a salinity of 7.3 ‰, considering that MUS is 
potentially an anaerobic system, the maximum adsorption capacity (Bmax) was calculated to be 
Table 4.10: Phosphorus Saturation Time by Longevity Parameter (LT) for the Previous Study 
Conducted on MUS (Evans, 2005) for different Vector Distances at Hydraulic 
Loading Rate of 1.9 L/min (15 min/hr) and Influent Phosphorus Concentration of 
12.4 mg/L at a Salinity of 7.3 ‰ 
Vector Distance Bmax 
Time to phosphorus 
saturation 
(m) (mg/kg) (years) 
1.55 404 1.57 
1.78 404 2.07 
404 mg-P/kg soil (Table 4.7, Equation 4.4). Based on the Bmax, the time to phosphorus saturation 
for the vector distance 1.55 m and 1.78 m from the injection well was found to 1.57 years (19 
months) and 2.07 years (25 months) respectively. This is very close to the results obtained by 
Evans (2005), (16 months and 23 months respectively), in his study. This validates the 
effectiveness of the longevity parameter to predict the service life of the MUS. It may also be 
applied to other wetland systems at varying salinity conditions based on the generic form of the 
longevity parameter (Equation 4.1 and Equation 4.2). 
4.4. Conclusion 
 Effluent Pore-water samples collected from the column study showed phosphorus 
saturation trend from the samples analysed for TP. When this trend was extrapolated over longer 
time range, by fitting a time saturation curve, it calculated an approximate range of 1.5 to 2.5 
years for the soil in the column study to saturate by phosphorus for the freshwater and saltwater 
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treatments. The precise time range was predicted by development of the longevity parameter. 
The generic form of longevity parameter depends on the bulk density, soil pH, maximum soil 
adsorption capacity, ionic strength and the redox treatment. As there is only one type of soil for 
this study, soil pH, bulk density, and the ionic strength will have a consistent impact on the 
development of the longevity parameter. Also, because a typical trend was observed in relation 
of salinity and maximum adsorption capacity, the generic form of longevity parameter was used 
for the MUS. A more specific form of equation was developed from the generic form of 
longevity parameter which used an equation of straight line to define Bmax as a function of 
salinity in the range of 2 to 20‰. Thus, a specific form of longevity parameter was established to 
predict the time taken by the MUS to reach phosphorus saturation. This form predicted a service 
life of minimum 1.3 and maximum 2.4 years under anaerobic conditions for the column study. 
This was a close match to approximate time range (1.5 to 2.5 years) predicted earlier. This 
validated the longevity parameter calculations. The calculations for the actual site conditions of 
MUS for a representative soil volume of 500 m3 and a high hydraulic loading rate of 2016 L/d, 
predicted a service life of minimum 15 years and a maximum 26.9 years, for an average influent 
P concentration of 15 mg/L under the anaerobic conditions. To authenticate the results of 
longevity calculated by the longevity parameter (LT), data from the previous study on MUS 
(Evans, 2005) was used. Using the data from the study conducted by Evans (2005), LT predicted 
a service life of 19 months and 25 months for the vector distances of 1.55 m and 1.78 m 
respectively. This was very close to the actual results obtained by Evans (2005), in his study (16 
months and 23 months, respectively). This validated the use of the longevity parameter to 
effectively predict the service life of MUS and determine the time as to when the system will 





Chapter 5: Global Discussion, Conclusions and Research Recommendations 
The purpose of this research study was to investigate the phosphorus dynamics in the 
Marshland Upwelling System in the coastal Louisiana by the means of performing a laboratory 
column study which simulates the actual site conditions. The results from the column study were 
used to analyze and accomplish the objectives of this research study. The objectives of this 
research study were to: 1) determine the fate and fractionation of phosphorus in the soil matrix, 
2) understand the sorption kinetics and determine the phosphorus sorption potential of the 
wetland soils in retaining phosphorus in the MUS, and 3) determine the service life of the MUS 
for phosphorus retention. The research presented in this thesis was divided into three main 
sections (refer to Chapters 2-4), with each section focusing on a specific objective. 
The first section discusses the physicochemical characteristic of the soil used in the 
column study. Several laboratory analyses were performed on the soil from the columns to 
investigate fate and fractionation of the phosphorus in the MUS system. The MUS soils had high 
concentration of Fe, Al, Ca and Mg ions. Also, the surface layer of the soils in the column 
studies was reported to have high redox potential (37.01 ± 100.36 mV) compared to the 
subsurface layer (-118.39 ± 99.51 mV).  The pH of the soil also ranged from 6.99 to 8.33 which 
put the soil in the range of near-neutral to alkaline conditions. The soil P-fractionation scheme 
showed the organic and inorganic phosphorus sequestration. In the column study set-up, each 
column received 15 mg/L PO4
3--P every alternate day. The soil pore-water phosphorus 
represented by the water extractable P in the P-fractionation scheme was found to be below the 
instrument detection limit for about 60% of the observations made. This suggests that all the 
influent phosphorus in the soil matrix was either quickly sorbed to the soil surface or being 
precipitated by the high mineral content of the MUS soils. The MUS soils were found to be 
dominated by the inorganic P fraction as compared to the organic P. Iron and calcium ions were 
mainly responsible for retention of inorganic phosphorus in the soil. Iron formed the Fe redox 
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couple under the aerobic conditions to bind dissolved inorganic phosphorus, which showed a 
significantly higher fraction of Fe-extractable P in the surface layer as compared to the sub-
surface. On the other hand, under the anaerobic conditions, due to the low redox and near-neutral 
to alkaline pH conditions, high amount of Ca/Mg-extractable P was found in the sub-surface 
layers as compared to the surface layers. The phosphorus released by Fe in the anaerobic layers 
was likely precipitated by the Ca and Mg ions to form stable phosphates. High amount of 
microbial activity was seen in the surface layer owing to the high organic matter content and 
consequently higher nutrients. The microbial biomass was considered responsible for release of 
the organic phosphorus in the soil. However, owing to a low organic matter content of 2%, with 
an average microbial activity rate of 0.2 mg P/kg-d at 200 C, the total amount of phosphorus 
release regulated by the microbial activity was calculated to be 0.011% per day. This does not 
affect the phosphorus removal from the soils by the sorption and precipitation mechanisms. As 
expected, high amount of NaOH-extractable organic phosphorus was found in the surface layer 
as compared to the sub-surface layer. As the system becomes anaerobic, the requirement of the 
anaerobes for the nutrients reduces, which consequently reduces the phosphatase activity and 
inorganic phosphorus associated with ferric iron gets released to the soil matrix as it gets 
converted to ferrous iron. As majority of the MUS falls under the anaerobic soil conditions in the 
subsurface, the expected dominant treatment mechanism is the removal of inorganic phosphorus 
by the means of sorption and precipitation which was not affected significantly by the microbial 
release of the organic phosphorus. Salinity did not show any significant effect (p<0.0001) on the 
microbial biomass activity or the P fractionation pool. This indicates that precipitation and 
sorption phenomena may be the dominant mechanisms involved for P removal without having 
any affect of the ionic strength. The only factor that affects the design of the MUS is the redox 
conditions. This also suggests that applicability of MUS is wide-spread and not just confined to a 
particular coastal wetland area having variegated salinity. MUS can thus be applicable to 
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freshwater system, saltwater systems, as well as estuarine and coastal wetlands with the same 
efficiency. However, MUS is more efficient in the systems with low organic content as 
compared to high organic matter enriched soils. 
 Second section discussed the sorption kinetics and the sorption potential of the soil to 
retain phosphorus in the MUS. From the four different isotherm models used to fit the 
phosphorus sorption data, the Langmuir one-site isotherm model was the most successful in 
predicting the actual mechanism. Based on the curve, the maximum sorption capacity of the 
adsorption was determined for three different salinities. The ionic strength (0.11M, 0.68M and 
1.18M) represented as salinity (2, 10 and 20 ‰ respectively) was found to have a significant 
impact on the maximum sorption capacity of the MUS soils. Also, a significant difference (p ~ 
0.02) was found on the maximum sorption capacity based on the two different redox conditions 
(aerobic and anaerobic) at each salinity. Considering MUS as potentially an anaerobic system, a 
minimum of 361 mg-P/kg soil and a maximum of 646 mg P/kg soil was determined as the 
maximum adsorption capacity of the MUS soils, under the anaerobic conditions. An average 
approximate decrease of 22% and 19% in Bmax was observed with the increase in salinity from 
2‰ to 10‰ for the aerobic and anaerobic conditions respectively, owing to the increased 
number of cations that compete with phosphorus to take up the sorption sites, because of the 
increase in salinity. But, contradicting to this principle, there was an unexpected average increase 
of 82% and 70 % in Bmax with the increase in salinity from 10‰ to 20‰, for aerobic and 
anaerobic conditions respectively. This was observed consistently for aerobic and anaerobic 
treatments both. This lays a scope for future study to determine the factors affecting the 
chemistry of cations and phosphorus which are responsible for such a behavior of soil-salinity 
interaction. Based on the high concentrations of iron, aluminum, calcium and magnesium ions 
present in the soil, it is likely that sorption is not the only mechanism involved in the retention of 
phosphorus by the MUS soils. Under aerobic conditions, much of the phosphorus which was 
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associated with the ferric iron was released back to the soil matrix in the sub-surface layers under 
the anaerobic conditions. This is because of conversion of ferric iron to ferrous iron. This 
phosphorus released is likely to be precipitated by the calcium ions present in the soil and 
converted to several stable forms of calcium phosphates. This process was facilitated by the low 
redox conditions as well as the near neutral and alkaline soil pH conditions, which favors high 
dissolution of the phosphorus by the calcium ions. Thus, sorption and precipitation together are 
responsible for the retention of phosphorus in the MUS soils.  
 The third section discusses the development of the longevity parameter to predict the 
service life of the MUS to retain phosphorus. Effluent Pore-water samples collected from the 
column study showed phosphorus saturation trend from the samples analysed for TP. When this 
trend was extrapolated over longer time range, by fitting a time saturation curve, it calculated an 
approximate range of 1.5 to 2.5 years for the soil in the column study to saturate by phosphorus 
for the freshwater and saltwater treatments. The precise time range was predicted by 
development of the longevity parameter. The generic form of longevity parameter depends on 
the bulk density, soil pH, maximum soil adsorption capacity, ionic strength and the redox 
treatment. As there is only one type of soil for this study, soil pH, bulk density, and the ionic 
strength will have a consistent impact on the development of the longevity parameter. Also, 
because a typical trend was observed in relation of salinity and maximum adsorption capacity, 
the generic form of longevity parameter was used for the MUS. A more specific form of 
equation was developed from the generic form of longevity parameter which used an equation of 
straight line to define Bmax as a function of salinity in the range of 2 to 20‰. Thus, a specific 
form of longevity parameter was established to predict the time taken by the MUS to reach 
phosphorus saturation. This form predicted a service life of minimum 1.3 and maximum 2.4 
years under anaerobic conditions for the column study. This was a close match to approximate 
time range (1.5 to 2.5 years) predicted earlier. This validated the longevity parameter 
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calculations. The calculations for the actual site conditions of MUS for a representative soil 
volume of 500 m3 and a high hydraulic loading rate of 2016 L/d, predicted a service life of 
minimum 15 years and a maximum 26.9 years, for an average influent P concentration of 15 
mg/L under the anaerobic conditions. To authenticate the results of longevity calculated by the 
longevity parameter (LT), data from the previous study on MUS (Evans, 2005) was used. Using 
the data from the study conducted by Evans (2005), LT predicted a service life of 19 months and 
25 months for the vector distances of 1.55 m and 1.78 m respectively. This was very close to the 
actual results obtained by Evans (2005), in his study (16 months and 23 months, respectively). 
This validated the use of the longevity parameter to effectively predict the service life of MUS 
and determine the time as to when the system will saturate with phosphorus. Thus a laboratory 
scale parameter can efficiently be correlated with to the field scale conditions.   
 Thus, from the results of this research, service life of the MUS can be predicted to 
estimate as to how long before the system would saturate by phosphorus under different 
background salinity conditions. A recommendation for the future research is to define the 
phosphorus sorption behavior with respect to varying salinity by a definite function and 
determine and explain the factors impacting the ambiguous increase in the maximum adsorption 
capacity of the soils with the increase in salinity. Also, the study of impact of surfactants and 
bio-film growth on phosphate adsorption will be a potential investigation topic in this area. 
Researching surfactants would determine whether soaps and detergents, from the gray water 
input into the MUS, would impact phosphate adsorption. A study including bio-film 
accumulation on the subsurface soil media would address whether this occurrence would 
decrease phosphate adsorption. A concern is that the interaction of phosphorus with subsurface 
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Appendix A:     Laboratory Column Study Data - Soil Tests 
 
Soil Physicochemical Characteristics 
Column Column depth 
Moisture 
Content % pH Conductivity 
Bulk 
density 
SC 0-14 cm 52.3 7.02 6.01 0.57 
  14-28 cm 36.1 7.73 4.90 0.84 
  28- 42 cm 21.7 8.35 3.30 1.47 
  42- 56 cm 21.7 8.43 2.98 1.43 
  56- 70 cm 21.8 8.44 2.46 1.51 
  70 - 84 cm 23.7 8.46 2.74 1.51 
  Sand  17.6 8.41 2.38  - 
FC 0-14 cm 60.4 7.62 1.32 0.18 
  14-28 cm 31.1 7.80 0.75 0.62 
  28- 42 cm 23.3 8.20 0.73 1.46 
  42- 56 cm 23.5 8.38 1.05 1.43 
  56- 70 cm 22.2 8.63 0.72 1.48 
  70 - 84 cm 22.3 8.62 0.53 1.52 
  Sand  16.7 8.54 0.64  - 
SN 0-14 cm 69.2 7.04 6.54 0.24 
  14-28 cm 38.9 7.49 4.24 0.90 
  28- 42 cm 22.2 7.94 3.15 1.43 
  42- 56 cm 21.7 8.03 3.06 1.42 
  56- 70 cm 20.9 8.16 2.91 1.45 
  70 - 84 cm 21.4 7.99 2.69 1.49 
  Sand  16.0 7.99 2.38 -  
FN 0-14 cm 74.9 6.91 1.08 0.23 
  14-28 cm 47.5 7.77 0.65 0.62 
  28- 42 cm 21.9 8.24 0.47 1.42 
  42- 56 cm 21.7 8.50 0.42 1.49 
  56- 70 cm 21.5 8.54 0.45 1.48 
  70 - 84 cm 21.4 8.44 0.70 1.53 
  Sand  15.9 8.06 0.39  - 
SA 0-14 cm 60.5 6.94 5.63 0.37 
  14-28 cm 35.6 7.52 4.60 0.89 
  28- 42 cm 20.9 7.85 3.24 1.41 
  42- 56 cm 20.4 8.01 2.84 1.45 
  56- 70 cm 20.1 8.10 2.99 1.50 
  70 - 84 cm 20.5 7.97 2.98 1.49 
  Sand  20.0 7.74 2.33  - 
FA 0-14 cm 68.5 6.69 1.33 0.24 
  14-28 cm 42.8 7.50 1.04 0.75 
  28- 42 cm 21.2 8.00 0.70 1.36 
  42- 56 cm 21.4 8.13 0.54 1.44 
  56- 70 cm 20.9 8.35 0.58 1.44 
  70 - 84 cm 20.4 8.13 0.50 1.52 
  Sand  14.7 8.00 0.38  - 
- Not measured 
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Column Column depth 
PMP  







SC 0-14 cm 3.80 425 30.9 2.59 
  14-28 cm 1.26 395 14.8 1.69 
  28- 42 cm 0.02 392 7.13 0.84 
  42- 56 cm 0.04 383 6.04 1.10 
  56- 70 cm 0.08 359 6.87 0.92 
  70 - 84 cm 0.03 379 6.74 0.91 
  Sand  0.04 238 4.52 0.50 
FC 0-14 cm 5.39 327 60.9 4.12 
  14-28 cm 0.55 389 12.8 1.57 
  28- 42 cm -0.05 377 6.59 0.93 
  42- 56 cm 0.27 357 7.06 0.89 
  56- 70 cm 0.02 440 6.87 1.22 
  70 - 84 cm 0.04 373 6.10 0.87 
  Sand  0.03 276 4.98 0.62 
SN 0-14 cm 10.1 811 81.8 4.37 
  14-28 cm 1.35 476 20.1 0.77 
  28- 42 cm 0.04 443 7.37 1.00 
  42- 56 cm 0.08 447 6.76 0.65 
  56- 70 cm 0.10 434 7.75 0.82 
  70 - 84 cm -0.03 429 6.85 0.68 
  Sand  0.38 222 3.18 0.56 
FN 0-14 cm 24.2 1002 184 9.50 
  14-28 cm 1.94 502 29.9 1.86 
  28- 42 cm 0.34 445 6.68 0.75 
  42- 56 cm 0.05 454 6.37 0.74 
  56- 70 cm -0.09 431 6.37 1.01 
  70 - 84 cm 0.11 455 6.81 0.65 
  Sand  0.28 242 3.03 0.70 
SA 0-14 cm 9.27 655 57.5 4.07 
  14-28 cm 0.39 434 16.6 1.63 
  28- 42 cm -0.08 424 7.14 0.82 
  42- 56 cm -0.13 411 7.07 0.79 
  56- 70 cm -0.31 419 6.62 0.78 
  70 - 84 cm 0.19 429 6.46 0.78 
  Sand  0.63 213 4.13 0.70 
FA 0-14 cm 26.70 1175 135 10.3 
  14-28 cm 1.06 500 26.2 2.01 
  28- 42 cm 0.10 431 6.61 0.89 
  42- 56 cm 0.15 441 6.39 0.84 
  56- 70 cm 0.18 426 7.05 0.81 
  70 - 84 cm 0.10 419 4.93 0.78 
















TP TP % 
    mg/ kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg recovery
SC 0-14 cm 0.249 90.4 124 34.3 196 87.1 408 426 93.4 
  % Dist 0.061 22.1 30.6 8.40 48.1 21.3       
  14-28 cm 9.74 26.2 32.7 6.42 307 65.4 415 395 105 
  % Dist 2.34 6.32 7.86 1.55 74.1 15.7       
  28- 42 cm 0.00 12.6 23.9 11.3 364 40.2 428 392 109 
  % Dist 0.00 2.95 5.58 2.64 85.0 9.39       
  42- 56 cm 0.00 13.6 25.9 12.3 372 39.1 437 383 114 
  % Dist 0.00 3.12 5.94 2.83 85.1 8.95       
  56- 70 cm 0.00 12.5 23.1 10.6 364 41.4 428 360 119 
  % Dist 0.00 2.91 5.39 2.48 84.9 9.67       
  70 - 84 cm 0.00 12.5 23.9 11.3 375 38.4 438 380 115 
  %Dist 0.00 2.87 5.45 2.58 85.8 8.76       
  Sand  0.00 4.53 9.14 4.61 135 18.2 163 239 67.5 
  % Dist 0.00 2.78 5.62 2.83 83.2 11.2       
FC 0-14 cm 12.2 102 122 19.5 204 106 445 327 141 
  % Dist 2.75 23.2 27.5 4.39 45.9 23.8       
  14-28 cm 0.00 16.8 22.9 6.10 352 49.6 424 390 109 
  % Dist 0.00 3.96 5.39 1.44 82.9 11.7       
  28- 42 cm 0.00 11.9 22.3 10.4 362 40.3 425 378 112 
  % Dist 0.00 2.81 5.26 2.45 85.3 9.49       
  42- 56 cm 0.00 13.3 24.4 11.1 367 41.8 433 358 121 
  % Dist 0.00 3.06 5.63 2.56 84.7 9.66       
  56- 70 cm 0.00 13.1 25.2 12.1 369 40.2 434 441 100 
  % Dist 0.00 3.02 5.80 2.78 84.9 9.26       
  70 - 84 cm 0.00 11.9 23.6 11.7 366 40.9 432 373 117 
  % Dist 0.00 2.77 5.47 2.70 84.7 9.46       
  Sand  0.00 5.59 9.99 4.40 140 17.0 167 277 62.9 
  % Dist 0.00 3.35 5.99 2.64 83.8 10.2       
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TP TP % 
   Depth mg/ kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg recovery
 SN 14-28 cm 0.00 43.6 59.6 15.9 329 139 528 476 110 
  % Dist 0.00 8.26 11.3 3.02 62.3 26.4       
  28- 42 cm 0.16 19.9 37.1 17.2 359 40.7 437 444 100 
  % Dist 0.00 4.56 8.48 3.92 82.2 9.32       
  42- 56 cm 0.09 21.7 40.8 19.1 356 34.8 431 448 97.9 
  % Dist 0.021 5.03 9.46 4.43 82.5 8.06       
  56- 70 cm 0.00 19.5 36.3 16.8 343 39.4 419 435 98.0 
  % Dist 0.00 4.65 8.66 4.00 81.9 9.41       
  70 - 84 cm 0.00 20.9 36.4 15.6 352 38.7 427 429 101 
  % Dist 0.00 4.88 8.52 3.64 82.4 9.05       
  Sand  0.00 8.79 15.7 6.95 87.8 22.3 126 222 55 
  % Dist 0.00 6.99 12.5 5.52 69.7 17.8       
FN 0-14 cm 34.5 394 717 323 153 229 1135 1002 134 
  % Dist 3.04 34.8 63.3 28.5 13.5 20.2       
  14-28 cm 0.781 56.8 74.4 17.6 351 67.9 494 502 101 
  % Dist 0.158 11.5 15.0 3.56 71.1 13.7       
  28- 42 cm 0.00 21.5 40.8 19.3 373 38.6 452 445 103 
  % Dist 0.00 4.76 9.03 4.27 82.5 8.52       
  42- 56 cm 0.090 26.9 51.9 25.1 366 37.7 456 454 101 
  % Dist 0.020 5.89 11.4 5.50 80.3 8.28       
  56- 70 cm 0.00 22.4 42.6 20.1 370 24.0 436 431 101 
  % Dist 0.00 5.14 9.75 4.61 84.7 5.50       
  70 - 84 cm 0.964 21.6 40.6 18.9 367 32.3 441 455 99.3 
  % Dist 0.218 4.89 9.19 4.30 83.3 7.32       
  Sand  0.00 13.9 25.3 11.4 106 25.1 156 242 68.7 
  % Dist 0.00 8.84 16.1 7.28 67.8 16.0       
SA 0-14 cm 0.00 146 189 42.9 198 114 502 655 76.5 
  % Dist 0.00 29.1 37.7 8.56 39.5 22.8       
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TP TP % 
   Depth mg/ kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg recovery
  
 
14-28 cm 0.00 32.6 46.5 13.8 335 42.9 425 435 98.7 
  % Dist 0.00 7.68 10.9 3.25 78.9 10.1       
  42- 56 cm 0.00 16.9 31.1 14.2 364 34.7 429 412 105 
  % Dist 0.00 3.95 7.25 3.30 84.7 8.09       
  56- 70 cm 14.1 16.9 32.4 15.5 362 32.3 441 419 107 
  % Dist 3.17 3.84 7.35 3.51 82.2 7.33       
  70 - 84 cm 0.00 22.7 42.6 19.9 361 33.0 436 430 103 
  % Dist 0.00 5.20 9.76 4.55 82.7 7.56       
  Sand  0.00 13.1 22.5 9.40 120 24.5 167 214 84.3 
  % Dist 0.00 7.84 13.5 5.61 71.9 14.6       
FA 0-14 cm 5.25 691.5 993 302 228 270 1497 1175 109 
  % Dist 0.351 46.2 66.4 20.2 15.2 18.1       
  14-28 cm 0.00 53.9 83.4 29.4 367 48.5 499 500 100 
  % Dist 0.00 10.8 16.7 5.89 73.6 9.73       
  28- 42 cm 0.264 24.3 44.1 19.9 357 32.3 434 431 102 
  % Dist 0.061 5.59 10.2 4.58 82.3 7.45       
  42- 56 cm 0.088 24.4 46.2 21.8 360 26.8 434 441 99.1 
  % Dist 0.020 5.62 10.6 5.03 83.1 6.18       
  56- 70 cm 0.079 24.8 47.2 22.4 358 26.5 432 427 102 
  % Dist 0.018 5.74 10.9 5.19 82.9 6.14       
  70 - 84 cm 0.136 23.2 45.1 21.9 361.9 22.7 430 419 103 
  % Dist 0.032 5.40 10.5 5.09 84.2 5.27       
  Sand  0.195 13.8 25.6 11.8 108 23.2 157 160 109 






Appendix B:     Laboratory Column Study – Effluent Sample Analyses 
 
Total Phosphorus (mg/L) Data 
Column Day 0 Day 5 Week 2 Week 4 Week 6 Week 8 Week 10 
 
SC #1 0.103 0.103 0.027 0.103 5.08 0.119 0.186 
SC #2 0.077 0.103 0.799 0.430 3.10 0.664 4.81 
SC #3 2.589 0.019 0.010 0.061 0.396 0.036 0.379 
SC #4 0.321 0.010 0.027 0.002 0.849 0.052 0.119 
SC #5 0.094 0.052 0.002 0.002 0.086 0.597 0.245 
FC #1 0.156 0.463 0.203 0.287 7.39 0.077 0.204 
FC #2 0.329 0.237 0.329 0.136 5.11 0.061 0.045 
FC #3 0.027 0.036 0.002 0.061 5.23 0.069 0.020 
FC #4 0.069 0.036 0.010 0.061 4.19 0.077 0.095 
FC #5 0.061 0.044 0.002 0.036 1.01 0.086 0.053 
SPN #1 0.028 0.832 4.61 3.06 3.10 10.4 12.7 
SPN #2 0.037 1.21 5.30 1.51 6.22 10.8 12.4 
SPN #3 0.045 0.404 2.22 1.15 4.24 5.83 7.90 
SPN #4 0.053 1.68 2.84 1.56 1.57 6.92 8.40 
SPN #5 0.020 1.12 2.92 1.65 2.79 9.07 5.32 
FPN #1 0.070 0.086 4.13 4.11 10.6 5.82 6.25 
FPN #2 0.028 1.21 4.79 5.72 9.78 9.28 10.0 
FPN #3 0.053 2.70 2.88 1.23 2.87 5.18 3.73 
FPN #4 0.037 1.13 4.36 1.96 4.12 6.31 6.67 
FPN #5 0.028 1.07 4.62 3.44 3.93 5.45 4.88 
SUN #1 0.036 1.20 4.20 1.58 4.14 8.29 11.7 
SUN #2 0.119 0.991 3.84 4.22 5.21 10.1 11.5 
SUN #3 0.178 0.782 1.05 0.81 4.32 7.18 7.00 
SUN #4 0.036 0.740 1.15 2.33 1.27 5.26 5.39 
SUN #5 0.044 1.81 5.01 4.30 2.69 9.48 9.01 
FUN #1 1.30 3.82 7.72 9.80 11.3 11.8 12.4 
FUN #2 1.82 3.18 6.80 8.84 9.96 11.7 12.1 
FUN #3 0.178 2.84 3.97 4.96 3.07 7.74 5.24 
FUN #4 0.287 2.48 3.75 5.97 4.69 3.97 4.97 
FUN #5 0.186 3.06 4.44 3.71 4.11 2.23 1.43 
SPA #1 0.153 2.07 5.59 3.83 3.18 10.37 12.1 
SPA #2 0.228 2.56 5.64 4.12 2.59 10.5 7.29 
SPA #3 0.346 2.15 4.72 3.21 2.33 8.03 9.26 
SPA #4 0.061 1.17 2.67 3.45 1.44 8.77 7.93 
SPA #5 0.027 4.82 6.93 8.93 6.25 7.64 6.06 
FPA #1 0.120 0.480 2.67 4.55 5.82 12.5 14.7 
FPA #2 0.053 0.446 3.74 5.85 5.11 10.1 12.5 
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Total  Phosphorus Data -  Continued 
FPA #3 0.020 0.606 2.41 0.295 2.65 5.06 6.70 
FPA #4 0.112 0.488 2.35 0.061 3.56 4.73 3.64 
FPA #5 0.045 0.019 0.025 0.010 0.069 0.321 0.045 
SUA #1 0.137 3.19 1.60 8.71 11.7 14.0 14.9 
SUA #2 0.330 2.52 5.83 6.71 11.2 10.7 6.29 
SUA #3 0.154 3.32 6.43 7.88 8.97 10.1 8.21 
SUA #4 0.087 2.92 5.02 5.02 7.96 10.6 9.34 
SUA #5 0.020 1.92 4.93 5.37 6.19 7.36 8.42 
FUA #1 0.094 0.438 1.95 4.28 8.83 7.91 11.0 
FUA #2 0.027 0.161 1.84 4.82 6.88 6.79 11.0 
FUA #3 0.103 0.513 1.86 3.67 2.44 5.49 3.09 
FUA #4 0.052 0.908 3.23 3.39 3.61 9.14 4.61 

































Soluble Reactive Phosphorus (mg/L) Data 
 
Column Day 0 Day 5 Week 2 Week 4 Week 6 Week 8 Week 10 
SC #1 0.032 0.068 -0.002 0.048 0.051 0.073 0.050 
SC #2 -0.011 0.051 0.199 0.235 -0.003 0.633 0.098 
SC #3 -0.012 -0.021 -0.006 -0.031 -0.003 0.012 -0.001 
SC #4 -0.015 -0.021 -0.011 -0.028 -0.002 0.014 0.000 
SC #5 -0.013 -0.022 0.010 -0.028 -0.003 0.008 0.001 
FC #1 0.327 0.417 0.226 0.196 0.183 0.105 0.191 
FC #2 0.262 0.198 0.337 0.062 0.004 0.050 0.029 
FC #3 -0.008 -0.014 -0.001 -0.027 0.000 0.016 0.010 
FC #4 0.013 -0.007 -0.002 -0.025 0.003 0.014 0.007 
FC #5 0.009 0.001 0.030 -0.015 0.002 0.013 0.006 
SPN #1 -0.013 0.100 0.030 0.473 1.75 10.9 14.4 
SPN #2 -0.017 0.047 0.217 -0.025 0.272 11.4 13.8 
SPN #3 -0.013 0.015 -0.008 -0.027 0.032 5.96 7.52 
SPN #4 -0.014 0.073 0.016 0.082 0.251 7.38 8.34 
SPN #5 -0.016 -0.014 0.002 -0.015 0.167 8.71 5.52 
FPN #1 0.013 0.121 2.80 3.81 5.03 7.59 7.40 
FPN #2 -0.012 0.378 2.95 4.56 7.56 9.53 13.2 
FPN #3 0.046 0.461 0.067 0.388 2.52 5.12 3.69 
FPN #4 -0.012 0.761 1.19 0.897 2.76 6.10 7.78 
FPN #5 -0.013 1.022 7.07 2.08 3.93 5.56 4.87 
SUN #1 0.081 0.362 0.012 0.101 2.74 12.0 14.7 
SUN #2 -0.012 0.001 -0.002 0.320 3.33 10.6 12.9 
SUN #3 -0.017 -0.015 -0.010 -0.023 1.11 7.19 6.96 
SUN #4 -0.015 -0.007 0.001 0.886 2.13 6.60 5.63 
SUN #5 -0.005 1.25 3.06 3.52 5.25 9.33 9.86 
FUN #1 1.296 3.37 8.58 9.32 11.4 12.3 15.2 
FUN #2 1.907 3.27 6.68 8.32 11.2 11.7 13.3 
FUN #3 0.096 1.63 7.52 4.81 5.23 7.63 5.24 
FUN #4 0.240 1.66 7.57 5.31 5.33 3.78 5.09 
FUN #5 0.120 1.51 5.56 3.23 3.87 1.97 1.42 
SPA #1 0.072 0.709 0.625 1.25 4.63 11.6 14.9 
SPA #2 0.046 0.833 0.180 0.470 4.00 12.1 14.3 
SPA #3 0.049 0.356 0.182 0.149 4.15 11.1 11.5 
SPA #4 0.025 0.530 0.252 0.195 3.37 9.50 7.83 
SPA #5 -0.015 4.84 4.32 7.25 7.78 11.3 9.58 
FPA #1 0.050 0.031 0.041 1.78 7.79 16.1 18.0 
FPA #2 -0.010 0.089 1.38 3.33 6.77 10.8 14.8 
FPA #3 -0.015 0.200 0.357 0.078 1.13 4.85 7.05 
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FPA #4 -0.008 0.293 0.342 -0.027 2.310 4.63 3.88 
FPA #5 -0.005 -0.004 0.001 -0.028 0.046 0.244 0.034 
SUA #1 0.081 2.15 5.02 4.819 7.499 19.5 25.3 
SUA #2 0.315 0.698 3.32 3.974 6.658 11.1 18.1 
SUA #3 0.009 0.867 2.81 4.162 5.284 11.1 13.8 
SUA #4 -0.007 0.598 1.63 2.360 3.466 10.4 11.1 
SUA #5 -0.013 0.363 2.02 3.920 5.920 9.57 12.4 
FUA #1 -0.029 0.279 0.509 0.197 1.478 9.71 10.8 
FUA #2 -0.026 -0.001 0.836 2.899 2.709 9.58 11.3 
FUA #3 -0.021 0.200 0.037 0.105 0.357 6.27 3.03 
FUA #4 -0.027 0.504 0.084 0.268 0.138 2.03 4.82 




































































Appendix C:    Laboratory Sorption Study 
 
Aerobic Adsorption Data  
Ceq, mg/L at salinity – 2‰ 
                           Replicates 
Cin, 
mg/L 1 2 3 
Mean 
Ceq, mg/L Std. Deviation 
67.2 42.4 43.15 42.1 42.6 0.538 
44.8 24.5 24.4 24.9 24.6 0.273 
22.9 10.9 10.4 10.6 10.6 0.252 
11.8 6.11 6.42 6.19 6.24 0.161 
5.44 1.97 2.02 2.1 2.03 0.066 
3.35 0.988 0.953 0.951 0.964 0.021 
1.18 0.44 0.44 0.418 0.433 0.013 
0.53 0.049 0.052 0.051 0.051 0.002 
 
Ceq, mg/L at salinity – 10 ‰ 
Replicates 
Cin, 





67.8 44.5 45.5 45.7 45.2 0.643 
45.2 24 25.1 23.9 24.3 0.666 
23.3 9.93 10.8 10.2 10.3 0.445 
11.6 5.52 5.58 5.79 5.63 0.142 
5.58 1.86 1.89 1.85 1.87 0.021 
3.30 0.873 0.887 0.879 0.880 0.007 
1.10 0.18 0.16 0.187 0.176 0.014 
0.54 0.082 0.082 0.083 0.082 0.001 
 
Ceq, mg/L at salinity – 20 ‰ 
Replicates 
Cin, 






68.4 38.9 38.7 40.3 39.3 0.872 
45.6 24 24.7 24.7 24.5 0.404 
23.8 10.1 10.9 10.4 10.5 0.404 
11.8 5.78 6.7 5.85 6.11 0.512 
5.83 2.28 2.25 2.34 2.29 0.046 
3.40 1.01 1.02 1.07 1.03 0.032 
1.16 0.219 0.237 0.228 0.228 0.009 




Aerobic Desorption Data 
 
Ceq, mg/L at salinity – 2 ‰ 
Replicates 
Cin, 





67.2 5.72 5.89 6.36 5.99 0.332 
44.8 4.18 4.06 3.99 4.08 0.096 
22.9 2.22 2.24 2.24 2.23 0.012 
11.8 1.24 1.28 1.25 1.26 0.021 
5.44 0.571 0.561 0.577 0.570 0.008 
3.35 0.38 0.333 0.323 0.345 0.030 
1.18 0.18 0.188 0.179 0.182 0.005 
0.53 0.048 0.041 0.044 0.044 0.004 
 
Ceq, mg/L at salinity – 10 ‰ 
Replicates
Cin, 





67.8 7.04 6.84 6.64 6.84 0.200 
45.2 4.57 4.63 4.67 4.62 0.050 
23.3 2.41 2.53 2.51 2.48 0.064 
11.5 1.34 1.35 1.35 1.35 0.006 
5.58 0.646 0.681 0.763 0.697 0.060 
3.30 0.369 0.357 0.378 0.368 0.011 
1.10 0.104 0.104 0.136 0.115 0.018 
0.54 0.056 0.058 0.057 0.057 0.001 
 
Ceq, mg/L at salinity – 20 ‰ 
Replicates
Cin, 





68.4 7.28 7.88 6.95 7.37 0.471 
45.6 4.97 5.27 5.05 5.01 0.155 
23.8 2.79 2.73 2.93 2.82 0.103 
11.8 1.51 1.48 1.52 1.50 0.021 
5.83 0.806 0.783 0.79 0.793 0.012 
3.40 0.433 0.435 0.436 0.435 0.002 
1.16 0.139 0.147 0.15 0.145 0.006 





Anaerobic Adsorption Data 
 
Ceq, mg/L at salinity – 2 ‰ 
Replicates
Cin, 





67.2 40.9 40.9 41.2 41.0 0.142 
44.8 23.1 22.4 21.8 22.4 0.654 
22.9 10.8 10.0 9.98 10.1 0.594 
11.8 5.76 5.53 5.50 5.59 0.141 
5.44 1.76 1.718 1.71 1.73 0.027 
3.35 0.959 0.801 0.829 0.863 0.084 
1.18 0.271 0.388 0.27 0.309 0.067 
0.53 0.062 0.026 0.031 0.040 0.020 
 
Ceq, mg/L at salinity – 10 ‰ 
Replicates
Cin, 





67.8 44.661 42.659 41.284 42.868 1.698 
45.2 22.961 22.403 22.362 22.575 0.335 
23.3 9.12 9.797 11.621 10.179 1.294 
11.6 4.547 5.178 5.03 4.918 0.330 
5.58 1.18 1.86 1.82 1.620 0.382 
3.3 0.796 0.731 0.734 0.754 0.037 
1.1 0.103 0.123 0.108 0.111 0.010 
0.54 0.034 0.042 0.049 0.042 0.008 
 
Ceq, mg/L at salinity – 20 ‰ 
Replicates
Cin, 





68.4 32.5 31.43 32.4 32.1 0.572 
45.6 20.3 21.1 25.1 22.1 2.57 
23.8 9.96 9.80 9.66 9.81 0.148 
11.8 5.03 4.93 5.11 5.03 0.089 
5.83 1.83 1.68 1.81 1.78 0.079 
3.4 0.703 0.742 0.683 0.709 0.030 
1.16 0.166 0.183 0.164 0.171 0.010 




Anaerobic Desorption Data 
 
Ceq, mg/L at salinity – 2 ‰ 
Replicates
Cin, 





67.2 5.737 - - 5.737 - 
44.8 3.855 3.579 3.641 3.692 0.145 
22.95 1.884 1.897 2.005 1.929 0.066 
11.84 1.113 1.056 1.001 1.057 0.056 
5.44 0.427 0.414 0.439 0.427 0.013 
3.35 0.312 0.219 0.214 0.248 0.055 
1.18 0.077 0.103 0.088 0.089 0.013 
0.53 0.119 0.017 0.007 0.048 0.062 
 
Ceq, mg/L at salinity – 10 ‰ 
Replicates
Cin, 





67.8 10.2 6.16 7.71 8.01 2.02 
45.2 4.51 3.77 4.68 4.32 0.484 
23.3 2.30 2.11 3.15 2.52 0.556 
11.6 1.18 1.40 1.38 1.32 0.121 
5.58 0.506 0.517 0.535 0.519 0.015 
3.30 0.317 0.281 0.373 0.324 0.046 
1.10 0.038 0.073 0.053 0.055 0.018 
0.54 0.006 0.013 0.020 0.013 0.007 
 
Ceq, mg/L at salinity – 10 ‰ 
Replicates
Cin, 





68.4 8.193 10.149 8.463 8.935 1.060 
45.6 4.17 4.435 5.342 4.649 0.615 
23.86 2.58 2.586 2.886 2.684 0.175 
11.87 1.325 1.24 1.356 1.307 0.060 
5.83 0.641 0.613 0.72 0.658 0.055 
3.4 0.325 0.308 0.284 0.306 0.021 
1.16 0.089 0.094 0.095 0.093 0.003 
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